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Genetic information from human remains obtained from archaeological 
excavations can reveal the history of modern peoples, rediscover the signature of 
prehistoric populations, and track human variation across time and space.  The events that 
led to the colonization of the Americas can be explored by sequencing geographically 
and temporally appropriate samples.  Two distinct phases of Native American migrations 
are investigated here – the initial Pleistocene movement of people out of Beringia and 
into North America, and the much later Holocene migrations eastward across the North 
American Arctic.  In the first chapter, whole mitochondrial genomes were sequenced 
from two contemporaneous human burials at a rare Pleistocene residential site at Upward 
Sun River in central Alaska, dating to ∼11,500 cal B.P.  One individual carried 
mitochondrial lineage C1b, whereas the other carried a root B2 haplotype.  Today C1b 
and B2 are absent in modern populations of northern North America.  These results 
validate the previously hypothesized expectation of higher levels of genetic diversity in 
the earlier, and now lost, Beringian gene pool.  The second and third chapters concern the 
origins and migrations of the Neo-Eskimo Thule, the hypothesized ancestors of modern 
day Iñupiat/Inuit.  A population-scale sequencing project was initiated from a cemetery at 
Nuvuk, a long-term Thule village at Pt. Barrow, AK.  The cemetery represents the oldest 
and largest number of Thule remains ever found in North America.  The hypervariable 
segment I of the mitochondrial genome was amplified and sequenced in 44 individuals,
   iv 
and Arctic haplogroups A2a, A2b, and D4b1a2a1a were identified.  The haplogroup 
frequencies at Nuvuk were compared to populations across Siberia and North America, 
and were most similar to the modern Inuit communities of Canada and Greenland.  This 
supports the ancient North Slope as the origin point for the Thule migrations.  To further 
investigate phylogenetic relationships, additional human remains were sampled from 
Igliqtiqsiugvigruaq, a 19th century interior Alaskan site located inside the boundary of 
Kobuk Valley National Park.  Whole mitochondrial genomes were sequenced from three 
Nuvuk burials and three remains from Igliqtiqsiugvigruaq, and these allowed a 
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MOLECULAR ANALYSIS OF AN ANCIENT THULE  









The Inuit, Iñupiat, and Eskimo peoples of the North American Arctic retain a 
large portion of their ancestry that is separate from all other Native American tribes.  
Beginning with population genetic surveys of single loci, discrete markers, and 
mitochondrial DNA (mtDNA), and continuing with high density single-nucleotide 
polymorphism (SNP) and microsatellite genotyping projects, Eskimo-Aleut speakers 
were shown to be genetically unique.  They are the most closely related Native 
Americans to northeastern Asian people, and there is evidence of substantial population 
gene flow back and forth across the Bering Strait (Reich et al., 2012; Tackney et al., 
2016; Wang et al., 2007). Recent whole genome sequencing of 31 individuals from 
within the Americas, Siberia, and Oceania included two Inuit from Greenland.  The 
analysis placed the Inuit in a clade distinct from other Native Americans and shared with 
Siberian Yupik and Koryak people, who were themselves the most genetically similar 
Eurasian populations to Native Americans (Raghavan et al., 2015).  As the consensus 
among geneticists is for a Late Pleistocene, post-Last Glacial Maximum (LGM) initial 
peopling of North and South America (“First Americans”; Goebel et al., 2008; Reich et 
al., 2012), the coalescence dates for Eskimo-Aleut mtDNA haplogroups additionally 
stand out for being firmly rooted in the past 10,000 years, and often substantially more 
recent (Dryomov et al., 2015; Tackney et al., 2016). 
A long history of archaeological study supports the distinctness of Circum-Arctic 
Native Americans and their relatively recent Holocene migrations into northern North 
America (Jensen, 2014).  Apart from central Beringian refugia potentially occupied 




substantially following it most of the North American Arctic was inaccessible due to the 
massive Laurentide Ice Sheet.  The first coastal inhabitants of Alaska, and the first to 
appear across what is now Canada and Greenland, were members of the Arctic Small 
Tool tradition (ASTt).  Likely deriving from Siberian Neolithic cultures, they employed a 
multitude of microblades, created diagnostic small end and side blades for inserting into 
arrowheads, and were adapted for some maritime subsistence (Jensen, 2014).  The oldest 
evidence for the ASTt is found at Kuzitrin Lake on the Seward Peninsula of Alaska, with 
an initial occupation of 5,500 cal BP (Harritt, 1998).  In the subsequent millennia across 
the Arctic, ASTt developed into the “Paleo-Eskimo” traditions of Pre-Dorset/Dorset in 
Canada, the Independence I-Saqqaq in Greenland, and the Denbigh Flint Complex in 
Alaska.  Further developments in Alaska saw the intermediate Choris and Old Whaling 
cultures (potentially direct descendants of the Denbigh Flint Complex) evolve into the 
Norton tradition.  By 1,600 cal BP, the Ipiutak appear in the West with elaborate ivory 
carvings and a strong reliance on marine mammals, though there is some marked 
discontinuity of artifact remains with the earlier Norton.  In particular, Ipiutak lacked 
whale-hunting equipment.  From the type-site of Ipiutak near Point Hope, AK (Larsen 
and Rainey, 1948; Mason, 2006) and further south, a large number of Alaskan inland and 
coastal sites are known, though there are two northern locations at the inland Anaktuvuk 
Pass (Mills et al., 1999) and along the coast at Nuvuk, near Point Barrow (Jensen, 2009a; 
see below). 
While the Paleo-Eskimo were present in the Arctic for thousands of years, 
archaeological and genetic studies (see below) suggest that modern Eskimo are in fact 




Maritime or Neo-Eskimo.  Neo-Eskimo origins most likely lie within Old Bering Sea 
(OBS), a single culture existing from the last centuries BC for close to a millennium on 
the Chukchi Peninsula and St. Lawrence Island.  OBS artifacts are characterized by richly 
ornamented harpoon heads, with kayak and umiak watercraft for proficient seal and 
walrus hunting.  At around 400 AD, OBS people are contemporaries with the Ipiutak and, 
by 900 AD, they are supplanted both by the Neo-Eskimo Punuk tradition, which arose 
around St. Lawrence Island (and is possibly an expanding but simplified development 
from Old Bering Sea), and the Neo-Eskimo Birnirk tradition, which is restricted to the 
coasts of the Chukchi Sea (with its type-site of Piġniq/Birnirk near Point Barrow) 
(Jensen, 2014; Mason, 2009b).  At the beginning of the Medieval Climatic Anomaly an 
increase in rougher seas leading to higher marine resource productivity seems to have 
encouraged expansions, with Birnirk entering the Bering Strait (particularly Kotzebue 
Sound) and Punuk expanding outward with occupation at least as far east as the coastal 
site of Nunagiak at Point Belcher.  Interactions of Punuk and Birnirk seem to involve 
refinements in marine mammal hunting to allow large-scale whaling for the first time 
(Jensen, 2014; Mason, 2009a; Mason, 2009b).  Following these expansions the final stage 
of Neo-Eskimo develops; the Thule.  Historically viewed as a direct descendant of 
Birnirk, no site unequivocally provides evidence for Old Bering Sea to Birnirk to Thule, 
and the origins of the Thule have been variously placed within the Bering Strait, at the 
northern Siberian Cape Baranov, or at Point Barrow; alternatively Thule could have 
ancestry within Punuk (Mason, 2009a; Mason and Bowers, 2009).  It is the Thule 
tradition that expands eastward across the Arctic and eventually regionalizes and 




The Thule, as a prehistoric culture originating in Alaska, were first described and 
excavated by Therkel Mathiassen in 1927 as part of the 5th Thule Expedition (the 
expedition lending its name to the ancient people; Mathiassen, 1927).  Mathiassen saw a 
prehistoric maritime and cold weather adapted culture living in semisubterranean houses 
and relying on whaling as well as other marine mammals for subsistence.  The focus on 
whaling has the Thule alternatively known as the Arctic Whale Hunting culture (Larsen 
and Rainey, 1948).  By this stage of the Neo-Eskimo tradition “the contrast between 
Ipiutak and Thule is so pronounced that it is almost inescapable to conclude that 
population replacement was involved” (Mason, 2009a).  While scholars have long agreed 
that the Western Thule sites are antecedent to the Eastern (Greenlandic) Thule (Larsen 
and Rainey, 1948), the timing of the migration has not been so clear.  For much of the 
last century the initial migration was believed to occur around 1000 AD (McGhee, 2000), 
corresponding with the aforementioned Medieval Climatic Anomaly, however, this date 
now appears much too old.  The oldest securely dated and clearly Thule sites are located 
along the north coast of Alaska starting at 1000 AD (Jensen, 2007; Jensen, 2009a; Jensen, 
2009b).  Furthermore, early Thule sites to the east on the Beaufort Sea and Amundsen 
Gulf coasts re-date to no earlier than the 13th century AD, which importantly places their 
occupation almost simultaneously with sites on Ruin Island of northwest Greenland 
(Friesen and Arnold, 2008).  This rapid movement from northern Alaska to the far eastern 
Arctic in a century or two is not only astonishing, but indicates a migration shortly before 
the onset of the Little Ice Age around 1400 AD.  This climatic event had large 
repercussions for the classic Thule across the Arctic.  Communities undergo profound 




coastal regions and into a growing number of inland sites, diversification of subsistence 
economies, and the development of an extensive traditional trading network across the 
Arctic, particularly with Siberian groups via St. Lawrence Island (Friesen and Arnold, 
2008; Jensen, 2014; McGhee, 2000).   
Ancient DNA (aDNA) from human remains associated with Paleo-Eskimo, Neo-
Eskimo, and their putative ancestral cultures would help illuminate ancestor-descendent 
relationships and track prehistoric population migrations.  Almost all modern Circum-
Arctic population genetic studies have focused on mtDNA and they indicate a group of 
“Beringian-specific” haplogroups:  A2a, A2b, D2a, and D4b1a2a1a.  These haplogroups 
are present not only in North American Eskimo-Aleut speaking populations, but also in 
Athabaskans and native northeastern Siberian Chukotkans (Dryomov et al., 2015; 
Helgason et al., 2006; Raff et al., 2015; Tackney et al., 2016; Volodko et al., 2008).  The 
first ancient whole mtDNA from the Arctic was the 4,170-3,600 cal BP remains from the 
Independence I-Saqqaq Greenlandic archaeological tradition.  This individual carried a 
variant of D2a, and haplogroup D2a is currently found in modern Aleutian islanders and 
Siberians (Dryomov et al., 2015; Gilbert et al., 2008).  Further ancient mtDNA data was 
provided by a low resolution but wide sampling of Dorset, Saqqaq, Thule, and Norse 
affiliated remains from across Canada and Greenland, as well as Siberian Birnirk samples 
and southern Alaskan late-prehistoric Thule samples.  The Thule samples all carried 
haplogroups A2a, A2b, and D4b1a2a1a, while the Paleo-Eskimo samples all carried 
haplogroup D2a.  The authors conclude not just genetic continuity from Neo-Eskimo to 
modern Eskimo, but also the lack of maternal gene-flow between Paleo-Eskimo and Neo-




Neo-Eskimo, and none of the Norse samples carried any Native American haplogroups 
(Raghavan et al., 2014).   
The full nuclear genomes of a small number of individuals have further increased 
our knowledge of the ancient Arctic.  The first published was the Paleo-Eskimo Saqqaq 
high coverage genome (Rasmussen et al., 2010).  Later came a handful of low coverage 
genomes from combined datasets of multiple individuals representing “Middle-Dorset,” 
“Late-Dorset,” “Canadian Thule,” “Greenlandic Thule,” and “Siberian Birnirk” 
(Raghavan et al., 2014).  These whole nuclear genomes clustered the Thule and Birnirk 
samples with modern Greenlandic Inuit, but indicated gene flow with the earlier Paleo-
Eskimo, Aleutian Islanders, and Siberian Chukotkans.  Intriguingly the gene flow with 
the Paleo-Eskimo dated before any Neo-Eskimo tradition is known on the landscape and 
so likely occurred in Western Beringia.  The Inuit additionally showed more Native 
American ancestry than the Paleo-Eskimo Saqqaq, with the former closer to Athabaskans 
and the latter closer to Asian Siberian groups (Raghavan et al., 2014; Raghavan et al., 
2015).  Both the mitochondrial and nuclear genomic data, therefore, suggest the relative 
isolation of the Paleo-Eskimo from other Native American populations, past or present. 
Until recently, these population studies lacked any characterization of the Iñupiat 
people of the Alaskan North Slope.  Coastal north Alaska is a likely origin point of the 
Thule (Mason and Bowers, 2009), yet Alaskan Eskimo-Aleut speaking populations are 
absent from previously published surveys of genetic variation in the Arctic (e.g., the 
Chukchi Peninsula and the eastern North American Arctic; Helgason et al., 2006; Raff et 
al., 2015; Tackney et al., 2016).  To fill in this gap and to better understand the history of 




mitochondrial D-loop from 137 individuals in eight Alaskan North Slope communities.   
Not only did the expected mtDNA haplogroups of A2a, A2b, and D4b1a2a1a appear, but 
haplogroup D2a was also typed.  This was unusual because previously the most northern 
extent of D2a in North America was in the Aleuts of the Aleutian islands or in ancient 
Paleo-Eskimo remains (Helgason et al., 2006; see above).  Additional matrilineal 
haplotypes were also found.  One A2 sequence did not have diagnostic SNPs for either 
A2a or A2b and it might represent one of the southern Pan-American A2 lineages.   Two 
remaining matrilines carried haplogroup C4, making them the most northern published 
evidence for a Pan-American mtDNA not easily accounted for by historic admixture.  
The North Slope is more diverse than expected (Raff et al., 2015).  To complement this 
survey it would be necessary to sample from a coastal north Alaskan Thule site that dates 
from the Birnik-Thule transition to pre-European contact.  The distinct lack of carefully 
excavated stratified sites in North Alaska prohibited such an endeavor until Dr. Anne 
Jensen began excavating the cemetery of Nuvuk in 2005 (Jensen, 2009a).  Nuvuk 
provides the necessary archaeological and potentially ancient genetic information on the 
Thule before, during, and after their spread eastward.  
Nuvuk, near Point Barrow and once the northernmost indigenous community of 
Alaska, represents a nearly one thousand year uninterrupted occupation from early Thule 
to postcontact Iñupiat Eskimo (Jensen, 2009b).  First contact with European explorers 
around Point Barrow occurred with the expedition of the HMS Blossom in 1826 
(Beechey, 1831), and the first dedicated scientific expedition was during the first 
International Polar Year from 1881-1884 (Ray, 1885).  Nuvuk was situated near the 




Nuvuk appears to have been the larger of the two communities until the end of the 19th 
century.  Around this time a combination of drastic beach erosion at the Point and an 
increase in European institutions at Utqiaġvik eventually led to the abandonment of 
Nuvuk in the early 20th century (Jensen, 2009a; Maguire, 1988).  Scientific expeditions of 
the 20th century included minimal salvage excavations at Nuvuk, with the focus primarily 
on other locations near Point Barrow, particularly Piġniq, the Birnirk type-site and only a 
few kilometers to the southwest of Nuvuk.  It was believed that there was nothing left of 
archaeological value at Nuvuk and it represented a late prehistoric site at best, even if 
some Thule artifacts were occasionally discovered (Jensen, 2009a and references 
therein).  With further erosion, however, the first reports of human remains from Nuvuk 
appeared in 1997.  Designated “Nuvuk-01,” this individual was buried with an extensive 
array of artifacts including diagnostic harpoon heads and various wood, bone, and ivory 
hunting and manufacturing gear.  With a calibrated AMS radiocarbon date of 810 - 1020 
AD, this individual was clearly a member of the Early Thule / Western Thule tradition 
(Jensen, 2007; Jensen, 2009a).  Subsequent appearance and loss of more human remains 
from erosion initiated the community driven Nuvuk Archaeology Project in 2005, with 
dual focus of scientific study and culturally appropriate reinterment of exposed burials 
further inland (Jensen, 2009a; Jensen, 2012). 
Two distinct occupations are revealed at Nuvuk - the aforementioned Ipiutak site, 
with calibrated dates within the 4th century AD (making it the earliest Ipiutak site known) 
and a later, long lasting Thule occupation at least as early as Nuvuk-01 through the 16th 
century.  People continue to use Nuvuk into the contact period as shown by an associated 




85 graves have been excavated, all within the Thule occupation and, unlike the first burial 
discovered, the majority lack grave goods.  However, the few artifacts recovered do 
indicate clear links to other Western and Eastern Thule sites (Jensen, 2009b).  This makes 
Nuvuk the largest Thule cemetery ever excavated in North America, where Thule grave 
sites have been poorly represented compared to Siberian Chukotka (Jensen, 2009a).  By 
necessity, most of the more than 159 dates from Nuvuk were taken from marine mammal 
products or wood.  These indicate the cemetery was contemporaneous with known Punuk 
and Birnirk dated sites, and clearly preceded and overlapped dates from Thule sites in the 
Eastern Arctic (Friesen and Arnold, 2008; Jensen, 2009b).  A recent reassessment of the 
temporal occupation at Nuvuk directly AMS dated 54 human remains (bone collagen) 
and recalibrated 31 burial-associated materials.  The human remains (unfortunately 
lacking Nuvuk-01) had 2σ calibrated, marine reservoir corrected, dates starting at 
minimum in 975 AD and continuing to 1885 AD.  The associated burial artifacts had a 
range within that from 996 AD to 1631 AD (Coltrain et al., Under Review).  In all, the 
Nuvuk burials confirm an unambiguous Early Thule presence around the city of Barrow 
and the site represents the earliest record of Thule on the North Slope (Jensen, 2009a).  
With the nearby Birnirk occupation, and the older Nuvuk Ipiutak artifacts, Point Barrow 
is of great importance for understanding the peopling of the Arctic. 
The relationship of the individuals buried at Nuvuk to the modern Iñupiat of the 
North Slope and to other Circum-Arctic populations to the east and west can be revealed 
with comparative ancient DNA analyses.  We selected 44 individuals from Nuvuk with 
calibrated median intercept dates between 1139 AD and 1669 AD (Coltrain et al., Under 




the control region of their mtDNA.  The HVR-I is by far the most published sequence 
from the mitochondrial genome, and the Beringian-specific mtDNA haplogroups are 
easily characterized from polymorphisms in this small region.  We compared the ancient 
population of Nuvuk with previously published HVR-I sequences of modern and ancient 
communities from across Asia and North America, including all populations showing at 
least one individual carrying an Arctic variant.  We attempt a synthesis of the genetic data 
to support or reject coastal north Alaska as the origin point of the Thule. 
 
Materials and Methods 
Sample Collection and Archaeological Context 
Point Barrow is currently a gravel spit at the northern end of the Arctic Coastal 
Plain, though at one point it might have been covered by vegetation.  The highest point 
on the spit was 4 m above sea level at the start of excavations, but accelerating coastal 
erosion has decreased both the height and area of the Point since.  Permafrost does exist, 
but it is found deeper than at other locations around Barrow (Jensen, 2009a).  This has 
dual repercussions for archaeological sites on the spit: First, the permafrost did not 
prevent the erosion or site disturbance of burials and artifacts over the centuries.  Second, 
human remains are found above, and not within, frozen ground.  Any remaining DNA in 
the bones has been exposed to seasonal ground temperature and moisture content 
fluctuations, making the site not typically ideal for aDNA studies.  The gravel above the 
burials was mostly dry at the surface and progressively wetter the deeper the excavation; 
ground temperature during the summer months was recorded at ~5°C.  The burials of 
Nuvuk were excavated starting with the most tenuously situated ones located on the 




Human remains were sampled as part of the archaeological excavations during the 
summer months of 2006-2011.  Upon discovery of a burial, sediment was delicately 
removed until the first signs of the rib cage.  At this point all researchers moved away 
from the burial and an individual garbed in sterile gloves, arm sleeves, and a face mask 
proceeded to reveal the rib bones with a dedicated brush and bleached tweezers.  A small 
rib bone was selected and removed with the surrounding sediment into a sterile plastic 
bag.  The bag was sealed, identified, and not opened again until within the aDNA 
cleanroom facility.  At this point the other investigators returned to the burial to resume 
excavation.  Forty four individuals were sampled in this manner. 
 
Sample Analysis Agreements 
Letters of support were requested and received by the Ukpeaġvik Iñupiat 
Corporation, the Native Village of Barrow, and the Barrow Senior Advisory Council.  All 
understood that small samples of human remains (typically rib fragments) were to be 
collected during burial exposure, transported out of Alaska to Utah, and analyzed in a 
destructive manner to determine ancestral relationships with modern Iñupiat 
communities.  No guarantees were made as to the success of the ancient DNA project, 
but annual presentations were made to the community of Barrow and other North Slope 
communities concerning progress. 
Logistical support while in the field for collection was provided primarily through 
the Barrow Arctic Science Consortium (BASC) through a National Science Foundation 







DNA was extracted from the rib fragments with a silica-based method (Rohland 
and Hofreiter, 2007a; Rohland and Hofreiter, 2007b).  Ribs were manually broken into 
small sized pieces of ~0.5 mg total weight.  The pieces were soaked in 20% bleach 
solution for 10 minutes and then washed three times in ultra-pure water.  The bone 
fragments were dried under UV light for 40 minutes to complete the surface 
decontamination. 
The bone mineral matrix was digested in a 15 mL Falcon tube with 4 mL of 
buffer consisting of 0.5M EDTA, 250 µg/ml proteinase K, and 40 mM DTT.  The 
mixture was rotated overnight at 55°C.  The extract was spun down at 5000 rpm for 5 
min and 1 mL of the supernatant was mixed in a fresh 15 mL Falcon tube with 4 mL of 
the Guanidine Thiocyanate-based Dehybernation Solution A and 200 µl of the Ancient 
DNA GLASSMILKTM (silica suspension) components of the GENECLEAN for Ancient 
DNA Kit (MP Biomedicals).  The solution was incubated at room temperature with 
rotation for 2 hr and then spun down at 6000 rpm for 2 min.  DNA was purified from the 
silica pellet as per the manufacturer’s protocol for the rest of the GENECLEAN kit.  
Final elution was in 110 µl of TE-4 (10mM Tris, 0.1mM EDTA).  DNA extracts were 
stored in LoBind tubes at -20 °C.   
Duplicate extractions were performed on each bone sample, nonconcurrently, 
excluding six samples not duplicated due to time constraints.  Water extraction blanks 







Mitochondrial HVR-I Amplification and Sanger Sequencing 
Portions of the HVR-I were amplified with the Polymerase Chain Reaction (PCR) 
using AmpliTaq Gold DNA Polymerase (ABI) or AmpliTaq Gold 360 DNA Polymerase 
and the following reaction conditions: 2.5-3.5 mM Mg2+, 200 nM dNTPs w/dUTP, and 
200 nM each primer in a 50 µl reaction.  PCR cyling was completed in 40-45 cycles at 
annealing temperatures of 56-58°C.  One PCR water blank was processed with each 
mastermix.  Amplicons were visualized on agarose gels and successful amplifications 
were cleaned using QIAquick PCR Purification Kits (Qiagen) or UltraClean PCR Clean-
Up kits (MoBio Laboratories).  Purified PCR products were sequenced on both strands at 
the DNA Sequencing Core Facility, University of Utah. 
All extracts were initially amplified using primers HVR1_P1F and HVR1_P1Rc 
(159 bp product), HVR1_P2Fb and HVR1_P2R (134 bp product), and HVR1_P3F and 
HVR1_P3R (157 bp product) (Table 2S.1).  These products provide coverage of 
nucleotide positions (np) 16043-16161, 16183-16277, and 16288-16402 of the rCRS 
reference genome (NC_012920).  Following the identification of haplogroup D4b1a2a1a, 
it was clear that diagnostic SNP 16173(C>T) was internal to two primer binding sites.  
Further amplifications were performed using primers HVRI_P4F and HVRI_P4R (249 bp 
product; admittedly large for aDNA work) or Car_P1F and Car_P1R (105 bp product), 
providing total coverage of np 16043-16402 or 16043-16277 + 16288-16402, 
respectively (Table 2S.1).  All extracts, including duplicates, were amplified for the first 
3 fragments.  Only one extract was chosen for each sample for amplification of 






Authentication of Ancient DNA Work 
Pre-PCR work was carried out in a dedicated ancient DNA facility.  The 
laboratory is a state of the art cleanroom that consists of one ISO class 7 (Fed class 
10,000) gowning area, two ISO class 6 (Fed class 1000) laboratory spaces, and numerous 
dedicated laminar flow hoods (ISO class 5/Fed class 100). The entire space is under 
positive pressure from ceiling mounted HEPA filters with gauged pressure differentials 
between each subspace.  Room-wide UV lighting provides daily surface/air sterilizations.  
All entering personal must garb in full “Tyvek” cleanroom suits, which are subsequently 
bleached.  The active workspaces in the laboratory are bleached and washed as used, with 
full lab cleaning scheduled as necessary.  All PCR reactions are setup with uracil-
containing dNTPs as a failsafe against contaminating amplicons.  Post-PCR work is 
located in a separate isolated laboratory space in the same building and strict cleanroom 
workflow requirements are followed by all personnel. 
No personnel carry any of the HVR-I haplotypes reported in this study and all 
extractions and PCR mastermixes were run with extraction and amplification water 
blanks, respectively.  No sequence was used unless both corresponding blanks were 
clean.  All HVR-I SNPs typed from the first 3 fragments (see above) were validated in a 
duplicate series of extractions and amplifications; if necessary, a third series was 
completed or the sample was abandoned and its sequence not reported here. 
No HVR-I haplogroups reported here are surprising to find in an Arctic 
population and all of the haplogroups generally make phylogenetic sense.  We note, 
however, that many of the haplogroup defining SNPs are also C-to-T and G-to-A 




2007).  SNPs were only called if the sequencing electropherograms were unambiguous.  
Double peaks were not-called and either the PCR or sequencing reaction was repeated 
until unambiguous calls could be made. 
 
Literature Review Dataset 
Published literature with mitochondrial genome sequence from populations across 
Asia and the Americas was examined for individuals carrying haplogroups A2a, A2b, 
D2a, D2b, D4b1a2a1a, D4b1a2a1b, or A2 (non-A2a or A2b) (We follow the naming 
convention for haplogroup D of Derenko et al., 2010).  Datasets were required to consist 
of either full HVR-I sequence, whole mtDNA genome sequence, or targeted SNP 
genotypes indicating membership in these haplogroups (e.g., Raghavan et al., 2014).  
Sequences were scanned for haplogroup motifs (and derived variants) as indicated and 
described in Table 2S.2.  Two subtypes of A2a, A2a4 and A2a5 (Achilli et al., 2013; 
Dryomov et al., 2015), were recorded separately due to their unique distribution in 
southern Athabaskan populations.  Haplogroup motifs for the root of A2, present at low 
frequency in some Arctic populations (Helgason et al., 2006), were also recorded 
separately.  Important caveats arose as a consequence of only using HVR-I sequence: 
First, it was impossible to distinguish D2a and D2b without further typing of mtDNA 
SNPs.  When these SNPs were not additionally typed, educated assumptions were made 
for each population (see below).  Second, there are some rare A2a and A2b mtDNA 
genome sequences that lack C16192T and A16265G, respectively (Dryomov et al., 2015; 
Volodko et al., 2008).  Our HVR-I search by definition misses these individuals in other 
studies (see Table 2S.2). 




modern population containing at least one individual with at least one of the above 
haplogroups (Table 2S.3).  An exception was made for the root A2 motif - to avoid 
including the numerous Native American tribes that contain pan-American haplogroup 
A2, populations were only included if an additional Beringian haplogroup was present or 
if the population was an ancient Arctic or Sub-Arctic sample (e.g., aDNA from Brooks 
River).  For reports that analyzed the same samples, the newest and largest sample set 
was used for haplogroup frequency determination.  For reports that analyzed the same 
population but used different samples, a simple average was calculated among the 
frequencies for each haplogroup. 
Over the course of the literature review, some populations and/or published 
datasets were set aside from the main analysis.  In addition to removing populations that 
lack any Beringian haplogroups, a dataset was excluded if it did not allow the typing of 
all haplogroups (e.g., the dataset was targeted to only haplogroup D HVR-I sequences).  
These populations were not included in the subsequent Principle Components Analysis, 
but they are referenced in Table 2S.4.  Some additional datasets were completely 
removed due to a bias in selection criteria - samples were initially typed with discrete 
markers and then a subset was selected for HVR-I sequencing.  These studies would give 
a biased representation of the frequency of HVR-I motifs in the original population (e.g., 
Malhi et al., 2001; Stone and Stoneking, 1998; Torroni et al., 1993).  Even if frequency 
data was excluded, however, the HVR-I sequences were recorded and compared to those 
at Nuvuk.  Finally, the dataset from Shields et al. (1993) was ignored due to possible 







Summary statistics for both haplotype frequencies and HVR-I diversity were 
calculated using Arlequin 3.5 (Excoffier and Lischer, 2010).  Genetic distance was 
calculated from the covariance of allele frequencies between pairs of populations 
(Harpending and Jenkins, 1973) and the subsequent principal components were plotted to 
describe over 98% of the variance. 
 Figures were produced using ggplot2 in R version 3.2.3. 
 
Results 
HVR-I Sequencing Summary 
Of the total 44 human remains selected for DNA extraction, we were able to type 
39 individuals for reproducible, contamination-free sequences from a 360 bp fragment of 
the human mitochondrial HVR-I (a success rate of 89%).  From 11 segregating sites, 8 
distinct haplotypes were characterized with haplotype diversity of 0.76±0.06 and mean 
pairwise differences of 2.15±1.22 (Table 2.1).  These metrics are comparable to other 
North American Arctic populations, particularly the Alaskan North Slope, but are less 
diverse than those reported in Siberian populations (Raff et al., 2015).   
Table 2.2 lists the original archaeological sample IDs, the recalibrated and marine 
reservoir corrected 2σ date ranges, and the HVR-I polymorphisms present in the 
sequenced fragment relative to positions 16043-16402 of the rCRS reference genome 
(NC_012920; Andrews et al., 1999).  All sequences from Nuvuk fell within the known 
Beringian-specific haplogroups of A2a, A2b, and D4b1a2a1a given their defining HVR-I 
polymorphisms (see Table 2S.2).  There were no sequences with D2a-specific variants.  




individuals (Table 2.2).  There are 4 haplotypes of A2b, 3 haplotypes of A2a, and a single 
haplotype of D4b1a2a1a in the samples sequenced. 
 
Beringian Haplogroups Across Asia and the Americas 
A robust literature search of populations containing at least one individual with 
mitochondrial DNA haplogroups A2a, A2b, D2a, D2b, D4b1a2a1a, or D4b1a2a1b 
revealed many outside of the expected geographic ranges of Arctic North America and 
Siberian Chukotka (Table 2S.3 and 2S.4).  This was driven in large part by the presence 
of haplogroups A2a and D4b1a2a1a.  Haplogroup A2a, present in all Eskimo-Aleut 
speaking populations, is also found in Na-Dené speakers, specifically the northern Tlingit 
and Dogrib, and the southern Athabaskan Apache and Navajo (Figure 2.1).  While 
frequently in the form of haplotypes A2a4 and A2a5 (as previously described in Achilli et 
al., 2013), the A2a haplotype is also present.  Intriguingly, non-Na-Dené speaking North 
American Northern Paiute and Zuni also have A2a4/A2a5, while the Cheyenne and 
Arapaho, as well as the South American Zaupes, all carry a low frequency of A2a.  In 
Asia, outside of Chukotka/ N. Kamchatka, A2a is found at very low frequency in West 
Siberian Selkups and South Siberian Evenks (Table 2S.3).   In all these cases, it is unclear 
if these low frequencies reflect recent/modern admixture or true population history.   
Haplogroup D4b1a2a1a, found at 7.7% frequency at Nuvuk and from 2 - 26% 
across North American Inuit/Iñupiat, and Siberian Chukotkans, is additionally found in a 
wide number of Asian groups (Figure 2.1).  Various populations in the Altai-Sayan 
region of South Siberia, the Uighurs, Karakalpaks, and Kirghiz of Central Asia, and even 
the distant Bashkirs and Kalmyks of Eastern Europe all have a very low (0.6 - 2.1%) 




frequency of D4b1a2a1a in the North Altai Tubalar, who at 7.7% match the frequency at 
Nuvuk, and D4b1a2a1a was present in the ancient Yakuts of Sakha but not in the modern 
Yakuts.  Sister haplogroup D4b1a2a1b, not found in Beringian populations, was present 
in various South Siberians, Eastern Asians, and Eastern Europeans and only overlapped 
with D4b1a2a1a in the Bashkirs and Uighurs (Table 2S.3 and 2S.4).   
Within this distribution of past and present haplogroup frequencies across 
populations, we performed a Principle Components Analysis on the dataset from Table 
2S.3 to visualize maternal genetic relationships with the Thule population at Nuvuk.  The 
first principal component explains 37.1% of the variance and clearly separates those 
populations with a high proportion of Beringian-specific haplotypes from those with a 
low proportion.  At intermediate frequencies of non-Beringian haplotypes are the ancient 
samples from Brooks River and Port Moller, the southern Athabaskan Apache, the 
Southeast Alaskan Haida and Tlingit, and the Chukchi.  The second principal component 
pulls the Beringian ancient Paleo-Eskimo and modern Aleutians and Commander Island, 
all with very high or fixed frequencies of D2a, from the modern Inuit/Iñupiat and ancient 
Thule and Birnirk.  Nuvuk clusters with the latter group (Figure 2.2A). 
Principal Component 3 separates those populations in our dataset with a high 
proportion of pan-American haplogroup A2, namely the Na-Dené speaking Navajo, 
Apache, Tlingit, and Haida.  Principal Component 4 pulls out those populations with a 
high frequency of A2a (excluding A2a4 and A2a5) from those with a high frequency of 
A2b (Figure 2.1).  The Thule sampled from Nunalleq and the Birnirk samples from 
Siberia are fixed for A2a and represent one extreme.  A more diffuse cluster of Nunavut 




Siberian Naukan seems to cluster those populations with a high frequency of A2b and 
D4b1a2a1a (Figure 2.2B). 
Principal Component 5 separates out populations with high frequencies of A2a5, 
which include the Apache, Dogrib, and Yakutat Tlingit, from those populations with pan-
American haplogroup A2 but without A2a5, namely the Hoonah Tlingit, Hydaburg 
Haida, Yavapai, and the ancient samples from Brooks River and Port Moller.  Principal 
Component 6, which only accounts for 2% of the variance, appears to pull out the 
modern Naukan with the ancient populations at Mink Island and Northeast Canadian 
Thule on one end with high frequencies of D4b1a2a1a, and on the other end, the Sireniki, 
the Inuit of Greenland and the Northwest Territories, and the ancient Thule in Nunavut, 
Greenland, and at Nuvuk with lower or absent frequencies of D4b1a2a1a but high 
frequencies of A2a and A2b (Figure 2.2C).  All together the 6 components reported 
account for 98.3% of the variance. 
 
Shared Nuvuk HVR-I Haplotypes Across Asia and the Americas 
Given the HVRI-I haplotypes sequenced at Nuvuk (Table 2.2), we searched the 
published population datasets for individuals with exact matches within the covered 
nucleotide positions of 16043-16402.  While a subset of our HVR-I sequences from 
Nuvuk lacked coverage at 10 bases between np 16278 and 16287 (see Materials and 
Methods), we only found two individuals in all the datasets (One with haplogroup A2a 
from E. Greenland and one with haplogroup A2b from Kitikmeot; Helgason et al., 2006; 
Saillard et al., 2000) with a SNP in this region (C16278T) and so the chances are low that 
any variation in our samples has been missed.  Populations with individuals that share the 




Modern populations of Chukotka and the North American Inuit and Iñupiat share 
with Nuvuk the root A2b haplotype, as do ancient Thule samples further east.  The 
derived A2b + 16212 haplotype has been found only in the Chukchi and in the Canadian 
and Greenlandic Inuit; interestingly, this haplotype was not found in the modern 
populations of the North Slope (Raff et al., 2015).  The root A2a haplotype, as expected, 
is found in modern Chukotko-Kamchatkan speakers, Eskimo-Aleut speakers, Athabaskan 
Dogrib, and ancient Thule from West Greenland.  It is additionally found in the 
Cheyenne/Arapaho tribes and in the Ancient Oneota at Norris Farms.  The derived A2a + 
16311 haplotype is present in the Chukchi, Eskimo-Aleut speakers, and the ancient Thule 
from West Greenland.  It was additionally found in the single ancient Birnirk sample (out 
of 5) that was whole-genome sequenced (Raghavan et al., 2014).  The derived A2a + 
16261 hapolotype has not previously been found in any ancient samples, but is present in 
modern North American Eskimo-Aleut speakers, the Chukchi, and, likely due to modern 
admixture, the West Siberian Selkup and the South Siberian Evenks.  The haplotype of 
D4b1a2a1a in the 3 burials from Nuvuk matches that found in the modern Inuit further 
east, as well as modern Chukotko-Kamchatkan speakers and Naukan Eskimo in 
Chukotka.  It also matches a few much more distant Asian populations, as described 
previously.  This haplotype has additionally been found in three separate ancient samples 
- the ancient Yakut, the ancient Aleuts on Mink Island, and the ancient Sadlermiut 
(Canadian) Thule (Table 2.3). 
Two Nuvuk haplotypes (A2b + 16167 and A2b - 16319) were not found in any 
previously published datasets, nor were they found following a nucleotide Basic Local 




increased diversity at Nuvuk of haplogroup A2b compared to A2a.  Haplotype A2b - 
16319 was present in a single individual dated to 1424 AD, but haplotype A2b + 16167 
was found in individuals from three burials of similar age: 1245, 1271, and 1249 AD 
(Table 2.2).  This suggests that this haplotype might have arisen in a single matriline and 
then was subsequently lost at Nuvuk. 
 
Chronological and Geographic Appearance of Beringian Haplogroups 
Over the course of the past two decades multiple ancient DNA studies from 
human remains in Asia and North America have typed individuals carrying HVR-I 
Beringian-specific haplogroups.  Though the data are sparse, they can be used to rule out 
and/or support certain scenarios of population movement.  Using supplied calibrated and 
marine reservoir corrected direct dates when available, Table 2S.5 lists the time and 
location for the first appearances of these haplogroups in 109 ancient individuals and 
Figure 2.3 visualizes the same data.  As already revealed by Raghavan et al. (2014), the 
first appearance of haplogroup D2a is in Paleo-Eskimo individuals from the 3rd 
millennium BCE throughout Greenland and Canada.  It is present in the ancient Arctic 
through late-Dorset individuals dating to the 12th century AD, and then in human remains 
from Mink Island, Alaska in the 15th and 16th centuries. 
There are A2 root haplotypes (A2other in this study) in the subarctic at least as 
early as the 3rd century AD (an eastern Aleutian sample from Port Moller), though since 
A2 is a pan-American haplogroup we recognize that other ancient DNA studies have 
expectedly found much older appearances further south.  The Beringian haplogroup A2a 
first appears in Birnirk samples from Chukotka in the 6th-7th centuries AD, but the oldest 




median calibrated and corrected intercept date of 1139 AD, the oldest sampled individual 
from Nuvuk, was typed for A2b.  A similarly aged Nuvuk individual carried A2a (Table 
2S.5).  This would indicate early A2a and A2b carriers clearly overlapped with middle 
and late Dorset D2a carriers (Figure 2.3).  After the Birnirk and the early Nuvuk Thule 
samples, the youngest A2a sequences unexpectedly come from 14th century Oneota 
remains at the Norris Farms site in Illinois (Stone and Stoneking, 1998), though the 
dating method used is unclear.  Additionally unclear are a handful of Canadian Thule 
samples that were typed to haplogroup A, but not A2a or A2b, in the 14th and 15th 
centuries AD (Raghavan et al., 2014).  The next appearance in the Arctic of A2b and 
A2a, outside of Nuvuk, is in Silumiut Thule samples from Canada, with median intercept 
dates of 1402 AD and 1447 AD, respectively.  This is followed by appearances in Thule 
from across Canada and Greenland, as well as the continued occupation at Nuvuk. 
A single 5th century BCE sample of a Kurgan individual from South Siberia 
carried a possible D4b1a2a1b haplogroup, though the HVR-I sequence lacks C16173T 
(Ricaut et al., 2004).  If correct, this is the only D4b1a2a1b found in the surveyed ancient 
DNA literature.  The oldest appearance of haplogroup D4b1a2a1a is at Nuvuk, in an 
individual with a median calibrated and corrected intercept date of 1227 AD.  Within a 
hundred years there are dated and typed individuals with D4b1a2a1a in Canada, 
Southeast Alaska, and Siberia; The Siberian “protohistoric” Yakut sample, however, was 
not directly dated and we use a minimum age of 1400 AD based on available information 








Phylogeographic and phylogenetic analyses of mitochondrial DNA control region 
sequences from ancient human inhabitants at Nuvuk and published datasets from across 
Asia and North America suggest possible scenarios of population movement from 
Beringia throughout the Holocene.  Successful retrieval of HVR-I sequence from 39 
individuals directly dated between 1139 and 1669 AD helps fill in a gap of knowledge 
about Thule genetic makeup in Alaska between the decline of the Paleo-Eskimo and the 
later appearance of modern Inuit and Iñupiat.  While mtDNA is a single nonrecombining 
locus that is only inherited through the maternal line, it is more easily accessible for 
aDNA study than the nuclear genome, it retains a record of more recent population 
events, and a plethora of population data points are available (Tables 2S.3 and 2S.4).  The 
Nuvuk HVR-I sequences allow hypotheses of Beringian population relationships across 
time and space, acknowledging that mtDNA is sensitive to genetic drift and sex-biased 
demographic movements, which might lead to discordant phylogenies with nuclear loci. 
A set of mitochondrial DNA variants are at high frequency in Arctic and 
Subarctic populations of North America and Chukotka: A2a, A2b, D2a, and D4b1a2a1a 
(Tackney et al., 2016).  Additional sister clades of D2b and D4b1a2a1b are not found in 
Native Americans but are in Asian or Eastern European populations (Table 2S.3), and 
were investigated here as they represent branches from the same Holocene expansions 
(Derenko et al., 2010; Dryomov et al., 2015; Volodko et al., 2008).  A low frequency of 
haplogroup A2, a pan-American haplogroup, is also found in northern North America and 
Chukotka and might represent recent migration from further south or remnant Beringian 




(Dryomov et al., 2015; Raghavan et al., 2015).   
The Nuvuk burials were typed with 66.7% A2b, 25.6% A2a, and 7.7% 
D4b1a2a1a, with no other haplogroups (Table 2.2; Figure 2.1).  Principal Component 
Analysis of the Beringian haplogroups in ancient and modern populations across Asia 
and the Americas consistently clustered the Nuvuk population with the ancient Thule and 
modern Inuit of Greenland and Canada, as well as the Siberian Naukan Yupik Eskimo.  
While the first principal component, explaining 37.1% of the variance, separated out 
populations with a high proportion of Beringian-specific haplogroups from those with a 
low proportion, further clustering with Nuvuk was based on the presence of the triplet 
A2b/A2a/ D4b1a2a1a signature, an absence of D2a, and an absence or very low 
frequency of pan-American A2 (Figures 2.1 and 2.2).  Distinct Beringian populations 
were the ancient Birnirk in Chukotka and the ancient Thule at Nunalleq in southwest 
Alaska fixed for A2a, while all known Paleo-Eskimo samples from Greenland and 
Canada are fixed for D2a (Raghavan et al., 2014).  The Siberian Naukan are genetically 
the closest Asian population to Nuvuk, driven by the fact that the other modern 
populations of Chukchi, Chuvansti, Sireniki Eskimo, and Chaplinski Yupik Eskimo all 
have some frequency of D2a (as also noted by Dryomov et al., 2015).  The same could 
also be said for the modern populations on Commander Island (fixed D2a) and the 
Aleutian Islands (A2a, D2a, pan-American A2) (Table 2S.3).  Intriguingly, the modern 
communities of the North Slope were not the closest population to the Thule at Nuvuk, 
particularly because the North Slope is far more diverse with low frequencies of D2a, 
pan-American A2, and pan-American haplogroup C4 in addition to the triplet 




The high frequency of dated samples with haplogroups A2b and D4b1a2a1a at 
Nuvuk is informative.  The Nuvuk Thule population was tied with the Thule from 
Nunavut, Canada with the second highest percentage of A2b in our dataset (67%; range: 
0.3-71.4%, Figure 2.1), and Nuvuk shared the derived A2b+16212 haplotype with 
Siberian Chukchi, and Inuit further east (Table 2.3; We note here that haplotype 
comparisons are hampered by the fact that much of the Thule mtDNA data from Canada 
and Greenland contains genotyping results and not HVR-I sequence - see Materials and 
Methods).  Other derived haplotypes of A2b are found sporadically outside of Nuvuk, but 
the root haplotype and 16212 haplotype are by far the most prevalent.  The oldest 
evidence for A2b (as A2b root or A2b+16212) clearly comes from Nuvuk, followed by 
Thule in Canada and then Greenland (Figure 2.3), and the spread of A2b overall is 
limited; it is restricted to Northern Kamchatka, Chukotka, and across Arctic North 
America and the Alaskan peninsula (Table 2S.3).  This at first suggests an origin for A2b 
in the Thule population on the North Slope, from a residual Beringian haplogroup A2 
source.  From full mitochondrial genomes, however, of 42 ancient and modern 
individuals, the coalescence of the A2b haplogroup (defined by A16265G) is dated to 
2.2±1.8 kya, with a population expansion 2 to 1.5 kya (Dryomov et al., 2015).  As these 
genetic dates are too early for Nuvuk or the 13th century AD expansion eastward (Friesen 
and Arnold 2008), and should the lack of A2b in the Siberian Birnirk hold up with further 
sampling, the Punuk as an alternative/additional immediate ancestor of the Thule needs to 
be reconsidered (Mason and Bowers, 2009).  Unfortunately no human remains from the 
Punuk have been genetically characterized. 




0.6-28.6%, Figure 2.1; Tables 2S.3 and 2S.4), with the Inuit and ancient Thule of Canada 
(but not Greenland), and the Naukan of Chukotka containing higher proportions.  Along 
with sister haplogroup D4b1a2a1b, the clade has roots in the Altai-Sayan region of 
southern Siberia at the Pleistocene-Holocene boundary (Derenko et al., 2010; Volodko et 
al., 2008), and so was not a part of the initial migrations of Native American ancestors (in 
contrast to haplogroup A2).  The coalescence of D4b1a2a1a and D4b1a2a1b was dated 
by maximum likelihood methods from 18 whole mitochondrial genomes to 5.39 kya , 
though with a large confidence interval of 2.25 - 8.72 kya (Dryomov et al., 2015).  The 
earliest evidence for D4b1a2a1a, as it was for A2b, comes from a Nuvuk burial in the 
12th century AD, though a Thule individual from Cape Silumiut, Canada was similarly 
aged (Figure 2.3; Table 2S.5).  The earliest appearance of D4b1a2a1b is tentatively 
ascribed to an ancient Kurgan burial around 450 BC (Ricaut et al., 2004).  As modern 
distributions of D4b1a2a1b are limited to low frequencies in South Siberians, Eastern 
Asians, and Eastern Europeans, the old Kurgan finding in South Siberia is unsurprising.  
The spread of D4b1a2a1a, however, must be linked to the Beringian expansions, as the 
HVR-I haplotype defined by T16093C closely follows the distribution of A2b in the 
Arctic (Table 2S.3).   
A complication to this hypothesis is that D4b1a2a1a is also present at low 
frequencies in populations of South Siberia, Central Asia, and E. Europe (Figure 2.1; 
Tables S2.3 and 2S.4).  The only non-Beringian population with full genome data for 
D4b1a2a1a is the Tubalar, and these sequences suggest that a subclade, defined by 
polymorphisms at 11383 and 14122, is the true Beringian-specific haplotype with a much 




Confirmation awaits further sequencing of the Asian D4b1a2a1a lineages.  The Thule 
from Canada and Greenland were all typed for the SNP at 11383 (Raghavan et al., 2014), 
but the Nuvuk burials were not, nor was an Yakut individual dated to sometime around 
the 14th century AD (Table 2S.5; Crubézy et al., 2010).  How and when D4b1a2a1a 
arrived in Beringia cannot be answered by this study, though it is possible that the 11383 
and 14122 variant arose in Chukotka (from standing Siberian D4b1a2a1a variation), and 
then spread east with the Thule in the 13th century AD.  Another, perhaps separate 
concern is that the D4b1a2a1a HVR-I sequences from the modern communities of the 
North Slope lack T16093C (as well as the defining mutations for D4b1a2a1b), so where 
they fit in the phylogenetic tree is unclear (Raff et al., 2015).  Further sequencing of 
whole ancient mitochondrial genomes will be required to untangle this clade’s history. 
The absence of the D2 lineage at Nuvuk supports the hypothesis of genetic 
separation between the earlier Paleo-Eskimo and the later Thule (Raghavan et al., 2014).  
All Thule samples, as well as earlier Birnik samples, have so far lacked any record of the 
D2 lineage, while all Paleo-Eskimo samples have been monomorphic for D2 (Table 
2S.3).  The first appearance of D2 occurs in the Saqqaq of Greenland (Figure 2.3).  The 
genetic history of haplogroup D2a and its sister clade D2b is difficult to determine from 
this study given that the two clades cannot be distinguished with just HVR-I sequence.  
Some projects, however, have typed the necessary SNPs in certain populations and 
educated assumptions can be made for the remainder (Materials and Methods).  The 
distribution of D2a and D2b do not appear to overlap (with the above caveats) in any 
population, with D2a limited to Chukotka and the Americas, and D2b limited to a low 




Europe (Kalmyks) (Table 2S.3).  The coalescence date for D2a from 63 whole 
mitochondrial genomes was estimated at 4.4 kya (3.23 - 5.89 kya), which places it within 
the range calculated for the D4b1a2a1 clade (Dryomov et al., 2015) and suggests possible 
geographic and temporal links.   
In the Americas, apart from high frequencies in populations in the Aleutians 
(including the Alaskan Peninsula) and Commander island, D2a (assumed given the 
typical lack of typing beyond HVR-I) is found at very low frequencies in the North Slope 
Iñupiat and in the southern Navajo and Yavapai (a non-Athabaskan group but likely 
admixed with the Navajo) (Table 2S.3; Monroe et al., 2013).  D2a also was likely present 
in the southeastern Alaskan Tlingit until recently (Dryomov et al., 2015), and it was 
typed in ancient human remains from Mink Island in southeast Alaska (14th - 16th 
centuries AD) and Port Moller on the Alaskan Peninsula (undated) (Raff et al., 2015).  In 
Chukotka, D2a is found in all populations except the Naukan (as mentioned earlier), and 
the variant found in the Sireniki appears the closest to the Paleo-Eskimo Saqqaq 
(Dryomov et al., 2015).  Following the Paleo-Eskimo expansion from Beringia, separate 
later expansions from residual source populations possibly in southeast Alaska spread 
D2a into the Aleutians and into the Northern, and then Southern, Athabaskans.  These 
could be linked to the Neo-Eskimo migrations (see below), even if the Neo-Eskimo never 
carried D2a. 
At Nuvuk haplogroup A2a was at intermediate frequency in our dataset (25.6%; 
range: 0.3-100%, Figure 2.1; Table 2S.3) and less prevalent than in the modern Eskimo-
Aleut communities of the North Slope, the Aleutians, Chukotka, and Greenland.  The 




the next oldest was at Nuvuk in the 12th century (Figure 2.3).  Intriguingly both the single 
Birnirk sample sequenced (out of 5 typed) and the earliest Nuvuk sample with A2a 
contained the A2a+16311 haplotype and not the A2a root (Table 2.2; Dryomov et al., 
2015).  While the whole A2a clade coalesces 3.9 kya (1.80 - 6.10 kya), the various 
clusters of haplotypes, including the 16311 variant (deemed A2a3) and the Na-Dene 
specific A2a4 and A2a5, all show much more recent dates of  less than two thousand 
years (Dryomov et al., 2015).   
The geographic distribution of A2a suggests an in situ differentiation within 
Beringia from the pan-America A2 haplogroup (Achilli et al., 2013; Volodko et al., 
2008).  In Asia, A2a is limited to Chukotka and to low frequencies in the Koryaks, 
Western Siberian Selkups, and South Siberian Evenks; recent admixture might explain 
these outliers (Table 2S.3).  Ancient DNA evidence proves that A2a did not spread into 
the Americas with the Paleo-Eskimo expansion, despite its older time depth (in contrast 
to the hypotheses of Achilli et al., 2013).  It was, however, fixed barring further sampling 
in the ancient Birnirk (Raghavan et al., 2014).  At least two, and possibly three, 
expansions can be hypothesized to have spread A2a.  The initial peopling of the 
Aleutians would be the first, including a demographic event from Paleo-Aleuts to Neo-
Aleuts around 1000 AD (reviewed in Tackney et al., 2016).  The modern Aleutian 
populations contain both A2a and A2 (and a majority of D2a), as well as A2b on the 
peninsula.  Dependent both on the geographic location of the ancestral refugium 
(Chukotka or Alaska) for A2 and on the sequence identity of the Paleo-Aleut (A2a or A2; 
currently unknown), A2a might have spread into the Aleutians prior to the Neo-Eskimo 




the 5th century AD and Brooks River in the 12th century AD had human remains typed to 
A2 and not A2a (Table 2S.5; Raff et al., 2010).  Additionally, the ancient Thule site at 
Nunalleq, dated to between 1300 and 1660 AD, was monomorphic for haplogroup A2a 
(Raghavan et al., 2014), though simple genetic drift could explain this population. 
The largest expansion of A2a occurred with the Thule in the 13th century AD, 
from which the Birnirk and Nuvuk samples provide the earliest evidence.  Not only did 
this expansion bring A2a (and A2b/ D4b1a2a1a) to the eastern Arctic, but it also possibly 
instigated the Athabaskan migration to the American Southwest a century later (Seymour, 
2012).  The Northern Na-Dene Yakutat Tlingit and Dogrib, as well as the southern 
Athabaskan Navajo and Apache have A2a, mostly in the form of derived haplotypes 
A2a5 or A2a4 (Table 2S.3).  More recent admixture is presumed to have brought these 
haplotypes to the neighboring tribes of the Shuswap, Zuni, Paiute, and to the South 
American Vaupes (a noted outlier) (Achilli et al., 2013; Monroe et al., 2013; Tamm et al., 
2007).  An additional expansion, possibly related to the southward Athabaskan migration, 
would be required to explain the four A2a HVR-I sequences in the ancient Oneota 
specimens at the Norris Farms cemetery in Illinois, tentatively dated to 1300 AD (Stone 
and Stoneking, 1998; Table 2S.5).  A2a was typed in single individuals from the 
Algonquin Cree (Achilli et al., 2013) and Cheyenne (Malhi et al., 2001), and these might 
represent remnant lineages of this more southeastern spread. 
The scenarios presented here are limited foremost by the continued lack of dated, 
ancient whole mitochondrial and nuclear genomes from Beringia.  In particular, human 
remains from Old Bering Sea, Punuk, and Birnirk (Alaskan) will need to be further 




Holocene-dated, human remains from Chukotka are also needed to determine the arrival 
and differentiation of haplogroups D2a and D4b1a2a1a.  In the Americas, modern 
sampling of Northern Na-Dene speaking populations, apart from the Tlingit, Haida, and 
Dogrib, is lacking and ancient sampling is completely absent.  This prevents us from fully 
appreciating the amount of gene flow with Alaskan and Canadian Eskimo-Aleut 
speakers, or from fully understanding the subsequent Southern Athabaskan migration.  
Finally, the results from the ancient site at Nunalleq, Alaska highlight the lack of genetic 
data from modern Alaskan Yu’pik communities, who might have different genetic 
ancestry than the related Inuit and Iñupiat.   
The ancient mitochondrial sequences from Nuvuk unambiguously confirm both 
the link between  the North Slope and the Thule who later spread further east, and the 
discontinuity between the Neo-Eskimo (A2b/A2a/ D4b1a2a1a) and the Paleo-Eskimo 
(D2a) (Raff et al., 2015; Raghavan et al., 2014).  The time depth of both the dated Nuvuk 
HVR-I sequences and the previously calculated coalescence and expansion times for the 
Beringian haplogroups hint at possible scenarios for the Holocene Arctic migrations.  
Haplogroups A2a, D2a and D4b1a2a1a all appear to coalesce 4-5 thousand years ago, 
prior to the Neo-Eskimo migrations, although it is important to note that these dates have 
so far not been calibrated with dated aDNA sequences.  D2a and D4b1a2a1a likely had 
recent Holocene ancestry in populations outside of Beringia, while A2a and the later 
evolving A2b appear to have arisen within Beringia-proper from residual A2 lineages.  
Within the first wave of Paleo-Eskimo into North America, D2a became fixed in that 
population, whereas A2a and D4b1a2a1a only rose in frequency or, in the case of A2b, 




sequencing of ancient mitochondrial and full nuclear genomes from human remains in 
Siberia and Alaska are necessary to clarify these population migrations beyond the simple 
two wave scenario of Neo-Eskimo and Paleo-Eskimo. 
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Table 2.1 : Summary statistics of Nuvuk aDNA samples 
Statistic Value S.D. 
# of Samples (N) 39   
# of Haplotypes (K) 8   
# of Segregating Sites (S) 11   
Length of Sequence Coverage (basepairs) 360   
Haplotype Diversity (h) 0.7584 0.0612 
Nucleotide Diversity (π) 0.00596 0.00376 
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06A-185-XF2FS T G T G T A C A2b A2b + 16212 Y 2238 1005-1299 1159
06A-213-QLYXH T T G T C A2b A2b - 16319 Y 2240 1290-1584 1424
06A-111-18/19 T T T G T A C A2b A2b + 16167 Y 2236 1059-1402 1245
06B-113-MECCT T T G T A C A2b A2b Y 2733 981-1341 1172
06C-116-FIOYJ T G T G T A C A2b A2b + 16212 Y 2244 1001-1280 1139
07a-297-17/18 T T G T A C A2b A2b Y 2246 1319-1657 1484
07-HO-? T T T T C A C A2a A2a + 16311 Y 2259 1115-1423 1273
07-C24-42/43 C T T A C D4b1a2a1a D4b1A2a1a Y 2251 1046-1393 1227
07-A298-68 T T G T A C A2b A2b Y 2247 1055-1403 1242
07-D45-10 T T T T A C A2a A2a Y 2252 1123-1450 1303
07-B35-23 T T T T C A C A2a A2a + 16311 Y 2249 1037-1395 1220
07-EE67-XXBQT T T G T A C A2b A2b Y 2254 1044-1411 1237
07-H39-38 T G T G T A C A2b A2b + 16212 Y 2260 1001-1283 1142
07-JJ22-YUCXV C T T A C D4b1a2a1a D4b1A2a1a Y 2261 1060-1432 1269
07A-513-OPZW4 T T T T C A C A2a A2a + 16311 Y 2248 1019-1274 1141
07-054-KLCXP T T T T T A C A2a A2a + 16261 Y 2245 1067-1403 1251
07-LL28-WBGTR T T T T C A C A2a A2a + 16311 Y 2262 1056-1407 1246
07-FF36-QZRSP T T G T A C A2b A2b Y 2255 981-1316 1157
07-DD56-MQVRR T T T T A C A2a A2a Y 2253 1414-1683 1547
08-625-27-LAMMK T T T T C A C A2a A2a + 16311 N 2264 1146-1452 1308
09-EE55-111 T T G T A C A2b A2b N 2266 1104-1499 1328
08-D61-OCZPT T T G T A C A2b A2b Y 2566 1153-1518 1346
08-D61-QSTL4 T T G T A C A2b A2b Y 2562 1072-1432 1275
08-099-71-NCVNO T T G T A C A2b A2b Y 2564 1170-1486 1343
08-I50-MDBYZ T T G T A C A2b A2b Y 2563 1146-1467 1319
08-K4-ZITFB T T G T A C A2b A2b Y 2565 1116-1418 1269
08A-604-21-CTLAC C T T A C D4b1a2a1a D4b1A2a1a N
09C-63-228-RVSN6 T T G T A C A2b A2b N 2555 1090-1458 1303
09-B96-FIRSQ T T G T A C A2b A2b N 2557 1169-1412 1290
08-E87-KAMOR T T G T A C A2b A2b Y 2554 1165-1533 1360
09-063-143/144-LBFKW/PXVG6 T T G T A C A2b A2b N 2570 1161-1523 1352
10-C78-FTTZD T T T G T A C A2b A2b + 16167 Y 2568 1042-1455 1271
10A-928-BHASH T G T G T A C A2b A2b + 16212 Y 2567 1115-1428 1277
10-175-ZQNPO T T T G T A C A2b A2b + 16167 Y 2572 1028-1449 1249
11A-994-OPXSR T T G T A C A2b A2b Y 2561 1036-1388 1213
B11A-949-38-FCYRR T T T T T A C A2a A2a + 16261 Y 2560 1481-1885 1669
2011-38-JZHTC T T G T A C A2b A2b Y 2558 1069-1427 1270
10A-927-EVARB T T T T A C A2a A2a Y 2574 1039-1338 1217
B10-A918-WTIKR T T G T A C A2b A2b Y 2575 1054-1415 1250
08-C32-108-VUNFJ Y 2263 1400-1708 1557
07-C-50-PMIXX Y 2250 1266-1519 1385
07-G94-20 N 2258 1289-1626 1429
08-D15-THR4D Y 2556 1323-1699 1527
09C-25-206-TXN98 N 2569 1126-1452 1306












Nuvuk Haplotype N (% in Nuvuk) Present in Populations:
A2b 18 (46.2%) Chukchi, Naukan Eskimo, Chuvantsi, Sireniki Eskimo, Chaplin Eskimo (Volodko et al. 2008, 
Dryomov et al. 2015), Alaskan North Slope Inupiat (Raff et al. 2015), Northwest Territory Inuit, 
Kitikmeot Inuit,  N. NE. E. S. W. NW. Greenlandic Inuit(Saillard et al. 2000, Helgason et al. 
2006, Schurr et al. 2012), Ancient Sadlermiut Thule (Raghavan et al. 2014, Dryomov 2015), 
Ancient W. Greenlandic Thule (Gilbert et al. 2007)
A2b + 16212 4 (10.3%) Chukchi (Volodko et al. 2008, Dryomov et al. 2015), Kitikmeot Inuit (Helgason et al. 2006), N. E. 
S. W. NW. Greenlandic Inuit (Saillard et al. 2000, Helgason et al. 2006)
A2b + 16167 3 (7.7%) Not previously reported
A2b - 16319 1 (2.6%) Not previously reported
A2a 3 (7.7%) Chukchi, Naukan Eskimo, Chuvantsi, Sireniki Eskimo, Chaplin Eskimo (Derenko et al. 2007, 
Volodko et al. 2008, Dryomov et al. 2015), Koryaks (Schurr et al. 1999), Alaskan North Slope 
Inupiat (Raff et al. 2015), Aleutian Islanders (Rubicz et al. 2003), Dogrib (Achilli et al. 2013), N. 
E. S. W. NW. Greenlandic Inuit (Saillard et al. 2000, Helgason et al. 2006), Cheyenne/Arapaho 
(Malhi et al. 2001), Ancient W. Greenlandic Thule (Gilbert et al. 2007), Ancient Oneota (Stone 
and Stoneking 1998)
A2a + 16311 5 (12.8%) Chukchi, Naukan Eskimo, Chuvantsi (Volodko et al. 2008, Dryomov et al. 2015), Aleutian 
Islanders (Rubicz et al. 2003), Alaskan North Slope Inupiat (Raff et al. 2015), Kitikmeot Inuit, 
NE. E. S. W. NW. Greenlandic Inuit (Saillard et al. 2000, Helgason et al. 2006), Ancient Birnirk 
(Raghavan et al. 2014, Dryomov et al. 2015), Ancient W. Greenlandic Thule (Gilbert et al. 2007)
A2a + 16261 2 (5.1%) Chukchi (Volodko et al. 2008, Dryomov et al. 2015), Selkup, Evenks (Tamm et al. 2007, 
Pakendorf et al. 2006), Alaskan North Slope Inupiat (Raff et al. 2015), Aleutian Islanders (Rubicz 
et al. 2003), Northwest Territory Inuit (Helgason et al. 2006), S. W. NW. Greenlandic Inuit 
(Saillard et al. 2000, Helgason et al. 2006)
D4b1a2a1a 3 (7.7%) Chukchi, Naukan Eskimo (Tamm et al. 2007, Volodko et al. 2008, Dryomov et al. 2015), Koryaks 
(Schurr et al. 1999), Kalmyks, Bashkirs, Karakalpaks (Derenko et al. 2007, 2010), Kitikmeot 
Inuit, S. W. NW. Greenlandic Inuit (Helgason et al. 2006), Ancient Yakut (Crubezy et al. 2010), 
Ancient Alaskan Mink Island (Raff et al. 2010), Ancient Sadlermiut Thule (Raghavan et al. 2014, 
Dryomov et al. 2015)
  





Table 2S.1: Oligonucleotides 
 
Primer ID Sequence (5'->3') Notes 
HVR1_P1F GTT CTT TCA TGG GGA AGC AG Previously published in (Raff et al., 2010) 
HVR1_P1Rc TTG ATG TGG ATT GGG TTT TT  “ “ 
HVR1_P2Fb AAA ACC CAA TCC ACA TCA AA  “ “ 
HVR1_P2R GGG TGG GTA GGT TTG TTG G  “ “ 
HVR1_P3F CCC ACT AGG ATA CCA ACA AAC C  “ “ 
HVR1_P3R ATT GAT TTC ACG GAG GAT GG  “ “ 
HVRI_P4F CCA GCC ACC ATG AAT ATT GT   
HVRI_P4R GGG ATT TGA CTG TAA TGT GC   
Car_P1F CGG TAC CAT AAA TAC TTG AC   





Table 2S.2: Minimum Beringian HVR-I motifs for population selection 
 
    HVRI Polymorphisms 







































Haplogroup rCRS: T C G C C C A A T C G G T 
A2a     T     T Tα       Tα Aα   Cα 
A2a4   C T       T       T A   C 
A2a5     T     Tα T Gα     T A A   
A2b     T       Tα   G   Tα Aα   Cα 
D2a       Aα     Tα     Cα       C 
D2b       Aα     Tα     Cα       C 
D4b1a2a1a   Cα     T   T         Aα   C 
D4b1a2a1b       A T   T         Aα   C 
A2other*     T       T       T A   C 
                              
*Only reported when the population contains an additional Beringian haplogroup or the 
population is ancient and northern 
α: The haplotype was recorded even if this SNP was absent, as long as all remaining 





Table 2S.3: Beringian haplogroup frequencies across populations 
Geographic Location Population Date Range
A2a (not A2a4 
or A2a5) A2a4 A2a5 A2b A2other D2a D2b D4b1a2a1a D4b1a2a1b Non-Beringian N Notes References
Central Asia Karakalpaks, Kirghiz 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 99.0 203 Derenko et al. 2010
Central Asia Kazakh 0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.0 0.0 99.8 406 Tamm et al. 2007
Central Asia Uighurs 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 0.8 97.6 122 Derenko et al. 2010
(N. Altain) Altai-
Sayan (S. Siberia) Shors 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 99.4 252





Kumandins 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 0.0 97.9 143 Dulik et al. 2012
(N. Altain) Altai-
Sayan (S. Siberia) Tubalar 0.0 0.0 0.0 0.0 0.0 0.0 0.0 7.7 0.0 92.3 215
Dulik et al. 2012; Sukernik et al. 
2012
(S. Altain) Altai-
Sayan (S. Siberia) Altai-kizhi 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.5 0.0 98.6 725 Derenko et al. 2010; Dulik et al. 2012
S. Siberia Khakassians 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 0.0 98.4 185 Tamm et al. 2007
S. Siberia Buryats 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 2.3 96.8 621 Derenko et al. 2010
S. Siberia / E.Asia Khamnigans 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 3.0 96.0 99 Derenko et al. 2007
Tuva (S. Siberia) Tuvinians 0.0 0.0 0.0 0.0 0.0 0.0 2.9 0.0 0.0 97.1 307 Derenko et al. 2007; Tamm et al. 2007
S. Siberia / E. Asia East Evenks 0.3 0.0 0.0 0.0 0.0 0.0 1.7 0.0 0.0 98.0 369 Derenko et al. 2007; Tamm et al. 2007
E. Europe Kalmyks 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.9 0.0 97.3 110 Derenko et al. 2007
Magadan Oblast / 
Sakha Evens 0.0 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 99.0 251
Tamm et al. 2007; Rubicz et al. 2010; 
Sukernik et al. 2012
W. Siberia Selkup 1.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 98.3 120 Tamm et al. 2007
E. Asia Mongolians 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.1 97.9 47 Derenko et al. 2007
Sakha Yakuts 0.0 0.0 0.0 0.0 0.0 0.0 1.8 0.0 0.0 98.2 459 Derenko et al. 2007; Tamm et al. 2007
W. Siberia Dolgan 0.0 0.0 0.0 0.0 0.0 0.0 1.3 0.0 0.0 98.7 157 Tamm et al. 2007
Chukotka Chukchi 33.5 0.0 0.0 13.9 1.3 8.2 0.0 3.8 0.0 39.3 182 Volodko et al. 2008
N. Kamchatka Koryaks 1.2 0.0 0.0 0.3 0.0 0.0 0.0 1.3 0.0 97.2 232 Schurr et al. 1999; Derenko et al. 2007; Tamm et al. 2007
Chukotka Yukaghir: Chuvantsi 18.8 0.0 0.0 6.3 0.0 3.1 0.0 6.3 0.0 65.5 32 D2a Assumed Volodko et al. 2008










33.4 0.0 0.0 41.0 0.0 0.0 0.0 25.6 0.0 0.0 39 Volodko et al. 2008
Bering Sea Commander Islands 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 71 D2a assumed











30.6 0.0 0.0 2.0 11.2 43.9 0.0 1.0 0.0 11.3 98 D2a assumed Zlojutro et al. 2009
SE. Alaska Hoonah Tlingit 0.0 0.0 0.0 2.4 92.7 0.0 0.0 0.0 0.0 4.9 41 Inuit A2b Schurr et al. 2012
SE. Alaska Yakutat Tlingit 4.8 0.0 42.9 0.0 28.6 4.8 0.0 0.0 0.0 18.9 21
Inupiat Ancestry (A2a), Athabaskan 
Ancestry (D2), D2a assumed Schurr et al. 2012
SE. Alaska Hydaburg Haida 4.5 0.0 0.0 0.0 81.8 0.0 0.0 0.0 0.0 13.7 22 Tsimshian Ancestry (A2a) Schurr et al. 2012
N. Alaska North Slope Inupiat 54.0 0.0 0.0 35.8 0.7 2.9 0.0 5.1 0.0 1.5 137 D2a assumed Raff et al. 2015
Northwest Territories, 
Canada Dogrib 4.3 0.0 22.5 0.0 0.0 0.0 0.0 0.0 0.0 73.2 53 Tamm et al. 2007; Achilli et al. 2013
Northwest Territories, 
Canada Inuit 25.0 0.0 0.0 50.0 25.0 0.0 0.0 0.0 0.0 0.0 4 Helgason et al. 2006
Nunavut, Canada Inuit 13.3 0.0 0.0 63.3 10.0 0.0 0.0 13.3 0.0 0.0 90 Helgason et al. 2006
Greenland Inuit 44.6 0.0 0.0 51.3 0.8 0.0 0.0 3.3 0.0 0.0 392 Saillard et al. 2000; Helgason et al. 2006; Gilbert et al. 2008
Southwestern USA Apache 0.0 0.5 43.9 0.0 6.5 0.0 0.0 0.0 0.0 49.1 238 Budowle et al. 2002; Tamm et al. 2007; Achilli et al. 2013
Southwestern USA Western Apache 0.0 0.0 26.8 0.0 28.0 0.0 0.0 0.0 0.0 45.2 82 Monroe et al. 2013











1.9 1.9 3.8 0.0 0.0 0.0 0.0 0.0 0.0 92.4 53 Tamm et al. 2007
Nunavut, Canada / 
Greenland
All Paleo-
Eskimo 3000 BC - 1350 AD 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 22
One 'D4e' Pre-Dorset sample 





263 - 562 AD 0.0 0.0 0.0 0.0 25.0 25.0 0.0 0.0 0.0 50.0 4 D2a assumed Raff et al. 2010
Chukotka Birnirk 570 - 680 AD 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5 Raghavan et al. 2014
Alaskan Pennisula Brooks River 1039 - 1264 AD 0.0 0.0 0.0 0.0 50.0 0.0 0.0 0.0 0.0 50.0 8 Raff et al. 2010






1284 - 1658 AD 0.0 0.0 0.0 0.0 16.7 66.7 0.0 16.7 0.0 0.0 6 D2a assumed Raff et al. 2010
Nunavut, Canada Thule 1210 - 1770 AD 4.2 0.0 0.0 66.7 20.8 0.0 0.0 8.3 0.0 0.0 24 "A" samples are listed here as A2other Raghavan et al. 2014
NE. Canada Thule 1410 - 1900 AD 0.0 0.0 0.0 71.4 0.0 0.0 0.0 28.6 0.0 0.0 7 Raghavan et al. 2014
Greenland Thule 1300 - 1800 AD 57.1 0.0 0.0 42.9 0.0 0.0 0.0 0.0 0.0 0.0 28 Gilbert et al. 2007; Raghavan et al. 2014
Sakha Yakuts 1400 - 1900 AD 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.0 98.3 60 Crubezy et al. 2010






















































































































































































































































































































































































































































































































Table 2S.5: Chronological appearance of Beringian haplogroups 
Haplogroup Site Culture Location 2 sigma range (AD) Dateα Notes Reference
D2a1 Qeqertasussuk Saqqaq NW Greenland 3340-2610 BCE 2975 BCE β, δ Raghavan et al. 2014, Koch 1996
D2a1 Qeqertasussuk Saqqaq NW Greenland 3040-2470 BCE 2755 BCE β, δ Raghavan et al. 2014, Koch 1996
D2a1 Qeqertasussuk Saqqaq NW Greenland 2264-1961 BCE 2113 BCE β Raghavan et al. 2014
D2a Qeqertasussuk Saqqaq NW Greenland 2195-1922 BCE 2059 BCE β Raghavan et al. 2014
D4e Rocky Point Pre-Dorset Nunavut, Canada 2142-1805 BCE 1974 BCE β Raghavan et al. 2014
D2a1 Itinnera Saqqaq W Greenland 1888-1565 BCE 1727 BCE β Raghavan et al. 2014
D4b1a2a1b Sebystei Kurgan Altai-Sayan (S. Siberia) 450 BCE ζ Ricaut et al. 2004
D2a1 Buchanan Middle-Dorset Nunavut, Canada 173 BCE-232 AD 30 AD β Raghavan et al. 2014
D2a1 Tayara Middle-Dorset NE Canada 208-502 355 AD β Raghavan et al. 2014
D2a1 Gargamelle Cave Middle-Dorset NE Canada 312-549 386 AD β Raghavan et al. 2014
A2other Port Moller Eastern Aleut AK Pennisula 263–562 421 AD Raff et al. 2010, Coltrain 2010
D2a1 Gargamelle Cave Middle-Dorset NE Canada 312-563 438 AD β Raghavan et al. 2014
D2a1 Englee Middle-Dorset NE Canada 313-565 439 AD β Raghavan et al. 2014
D2a1 Eastern Point Middle-Dorset NE Canada 430-621 526 AD β Raghavan et al. 2014
D2a1 Philip's Garden Middle-Dorset NE Canada 426-628 527 AD β Raghavan et al. 2014
A2a Paipelghak Birnirk Chukotka 572-674 623 AD β Raghavan et al. 2014
A2a Paipelghak Birnirk Chukotka 576-676 626 AD β Raghavan et al. 2014
D2a Saatut Late-Dorset Nunavut, Canada 578-675 627 AD β Raghavan et al. 2014
D2a Alarnerk Middle-Dorset Nunavut, Canada 674-902 788 AD β Raghavan et al. 2014
A2b Nuvuk Thule N. Alaska 1001-1280 1139 AD This Study
A2a Nuvuk Thule N. Alaska 1019-1274 1141 AD This Study
A2b Nuvuk Thule N. Alaska 1001-1283 1142 AD This Study
A2other Brooks River Eastern Aleut(?) AK Pennisula 1039–1258 1149 AD Raff et al. 2010, Coltrain 2010
A2b Nuvuk Thule N. Alaska 981-1316 1157 AD This Study
A2other Brooks River Eastern Aleut(?) AK Pennisula 1042–1264 1158 AD Raff et al. 2010, Coltrain 2010
A2b Nuvuk Thule N. Alaska 1005-1299 1159 AD This Study
A2b Nuvuk Thule N. Alaska 981-1341 1172 AD This Study
D2a Angekok Late-Dorset Nunavut, Canada 1051-1320 1181 AD β Raghavan et al. 2014
A2b Nuvuk Thule N. Alaska 1036-1388 1213 AD This Study
A2a Nuvuk Thule N. Alaska 1039-1338 1217 AD This Study
A2a Nuvuk Thule N. Alaska 1037-1395 1220 AD This Study
D4b1a2a1a Nuvuk Thule N. Alaska 1046-1393 1227 AD This Study
A2b Nuvuk Thule N. Alaska 1044-1411 1237 AD This Study
A2b Nuvuk Thule N. Alaska 1055-1403 1242 AD This Study
A2b Nuvuk Thule N. Alaska 1059-1402 1245 AD This Study
A2a Nuvuk Thule N. Alaska 1056-1407 1246 AD This Study
A2b Nuvuk Thule N. Alaska 1028-1449 1249 AD This Study
A2b Nuvuk Thule N. Alaska 1054-1415 1250 AD This Study
A2a Nuvuk Thule N. Alaska 1067-1403 1251 AD This Study
D4b1a2a1a Nuvuk Thule N. Alaska 1060-1432 1269 AD This Study
A2b Nuvuk Thule N. Alaska 1116-1418 1269 AD This Study
A2b Nuvuk Thule N. Alaska 1069-1427 1270 AD This Study
A2b Nuvuk Thule N. Alaska 1042-1455 1271 AD This Study
A2a Nuvuk Thule N. Alaska 1115-1423 1273 AD This Study
A2b Nuvuk Thule N. Alaska 1072-1432 1275 AD This Study
A2b Nuvuk Thule N. Alaska 1115-1428 1277 AD This Study
D4b1a2a1a Silumiut Thule Nunavut, Canada 1212-1383 1288 AD Raghavan et al. 2014, Coltrain et al. 2004
A2b Nuvuk Thule N. Alaska 1169-1412 1290 AD This Study
A2a Norris Farms Oneota Illinois 1300 AD γ Stone and Stoneking 1998
A2a Norris Farms Oneota Illinois 1300 AD γ Stone and Stoneking 1998
A2a Norris Farms Oneota Illinois 1300 AD γ Stone and Stoneking 1998
A2a Norris Farms Oneota Illinois 1300 AD γ Stone and Stoneking 1998
A2a Nuvuk Thule N. Alaska 1123-1450 1303 AD This Study
A2b Nuvuk Thule N. Alaska 1090-1458 1303 AD This Study
A2a Nuvuk Thule N. Alaska 1146-1452 1308 AD This Study





Table 2S.5 continued 
Haplogroup Site Culture Location 2 sigma range (AD) Dateα Notes Reference
A2b Nuvuk Thule N. Alaska 1146-1467 1319 AD This Study
A2b Nuvuk Thule N. Alaska 1104-1499 1328 AD This Study
A2b Nuvuk Thule N. Alaska 1170-1486 1343 AD This Study
A2b Nuvuk Thule N. Alaska 1153-1518 1346 AD This Study
A2b Nuvuk Thule N. Alaska 1161-1523 1352 AD This Study
A2b Nuvuk Thule N. Alaska 1165-1533 1360 AD This Study
A Silumiut Thule Nunavut, Canada 1296-1431 1361 AD Raghavan et al. 2014, Coltrain 2009
D2a'b Mink Island unclear SE AK 1284–1444 1362 AD Raff et al. 2010, Coltrain 2010
A Silumiut Thule Nunavut, Canada 1284-1429 1366 AD Raghavan et al. 2014, Coltrain et al. 2004
D4b1a2a1a Mink Island unclear SE AK 1303–1471 1395 AD Raff et al. 2010, Coltrain 2010
D4b1a2a1a n°3 Yakut Kolyma (Sakha) 1400 AD ε Crubezy et al. 2010
A2b Silumiut Thule Nunavut, Canada 1309-1442 1402 AD Raghavan et al. 2014, Coltrain et al. 2004
A2b Kamarvik Thule Nunavut, Canada 1319-1472 1412 AD Raghavan et al. 2014, Coltrain 2009
A2b Nuvuk Thule N. Alaska 1290-1584 1424 AD This Study
D2a'b Mink Island unclear SE AK 1319–1530 1436 AD Raff et al. 2010, Coltrain 2010
A2b Kamarvik Thule Nunavut, Canada 1326-1518 1438 AD Raghavan et al. 2014, Coltrain 2009
A2a Silumiut Thule Nunavut, Canada 1390-1526 1447 AD Raghavan et al. 2014, Coltrain 2009
A2b Silumiut Thule Nunavut, Canada 1413-1519 1451 AD Raghavan et al. 2014, Coltrain et al. 2004
A2a Qilakitsoq Inuit NW Greenland 1460 AD δ Gilbert 2007, Tauber 1989
A2a Qilakitsoq Inuit NW Greenland 1460 AD δ Gilbert 2007, Tauber 1989
A2a Qilakitsoq Inuit NW Greenland 1460 AD δ Gilbert 2007, Tauber 1989
A2a Qilakitsoq Inuit NW Greenland 1460 AD δ Gilbert 2007, Tauber 1989
A2a Qilakitsoq Inuit NW Greenland 1460 AD δ Gilbert 2007, Tauber 1989
A2a Qilakitsoq Inuit NW Greenland 1460 AD δ Gilbert 2007, Tauber 1989
A2a Qilakitsoq Inuit NW Greenland 1460 AD δ Gilbert 2007, Tauber 1989
A2b Qilakitsoq Inuit NW Greenland 1460 AD δ Gilbert 2007, Tauber 1989
A2b Imaha Thule NE Canada 1414-1533 1461 AD Raghavan et al. 2014, Coltrain et al. 2004
A Kamarvik Thule Nunavut, Canada 1416-1568 1476 AD Raghavan et al. 2014, Coltrain 2009
A2b Nuvuk Thule N. Alaska 1319-1657 1484 AD This Study
D2a'b Mink Island unclear SE AK 1407–1638 1491 AD Raff et al. 2010, Coltrain 2010
A2b Silumiut Thule Nunavut, Canada 1430-1625 1493 AD Raghavan et al. 2014, Coltrain 2009
A Kamarvik Thule Nunavut, Canada 1444-1636 1498 AD Raghavan et al. 2014, Coltrain et al. 2004
A2b Kamarvik Thule Nunavut, Canada 1439-1630 1505 AD Raghavan et al. 2014, Coltrain 2009
A2b Kamarvik Thule Nunavut, Canada 1441-1650 1510 AD Raghavan et al. 2014, Coltrain et al. 2004
A2b Kamarvik Thule Nunavut, Canada 1447-1649 1516 AD Raghavan et al. 2014, Coltrain et al. 2004
A2b Kamarvik Thule Nunavut, Canada 1446-1633 1517 AD Raghavan et al. 2014, Coltrain 2009
D2a'b Mink Island unclear SE AK 1446–1658 1541 AD Raff et al. 2010, Coltrain 2010
A2b Sadlermiut Thule Nunavut, Canada 1453-1650 1544 AD Raghavan et al. 2014, Coltrain 2009
A2a Nuvuk Thule N. Alaska 1414-1683 1547 AD This Study
A2b Sadlermiut Thule Nunavut, Canada 1481-1662 1568 AD Raghavan et al. 2014, Coltrain 2009
D4b1a2a1a Sadlermiut Thule Nunavut, Canada 1495-1666 1582 AD Raghavan et al. 2014, Coltrain 2009
A2b Sadlermiut Thule Nunavut, Canada 1489-1697 1604 AD Raghavan et al. 2014, Coltrain 2009
A2b Sadlermiut Thule Nunavut, Canada 1482-1720 1614 AD Raghavan et al. 2014, Coltrain 2009
A2b Port Hope, Ailek Thule NE Canada 1512-1723 1618 AD β Raghavan et al. 2014
A2b Port Hope, Ailek Thule NE Canada 1513-1756 1635 AD β Raghavan et al. 2014
A2b Labrador Thule NE Canada 1525-1759 1642 AD β Raghavan et al. 2014
A2b Sadlermiut Thule Nunavut, Canada 1529-1774 1653 AD Raghavan et al. 2014, Coltrain 2009
A2a Nuvuk Thule N. Alaska 1481-1885 1669 AD This Study
A2b Hopedale Thule NE Canada 1610-1824 1717 AD β Raghavan et al. 2014
A2b Sadlermiut Thule Nunavut, Canada 1624-1892 1736 AD Raghavan et al. 2014, Coltrain 2009
A2b Sadlermiut Thule Nunavut, Canada 1642-1892 1748 AD Raghavan et al. 2014, Coltrain 2009
D4b1a2a1a Labrador Thule NE Canada 1641-1881 1761 AD β Raghavan et al. 2014

















































































































































Figure 2.2 Principle component analysis of the Beringian haplogroup 
population frequencies.  Labeled populations are the ancient sample sets 
under consideration, including the population at Nuvuk sampled here.  Grey 
coloring indicates populations associated with northern North America, black 
coloring indicates Eurasian populations, and white coloring indicates southern 
populations in North and South America.  All allele frequency data is drawn 
from Table 2S.3.  (A) Principal Components 1 and 2, with associated 
proportion of variance explained (B) Principal Components 3 and 4, with 
associated proportion of variance explained (C) Principal Components 5 and 
6, with associated proportion of variance explained.  By Principal Component 




Figure 2.3 aDNA Beringian haplogroup appearance by date and location.  
Haplogroup assignment and geographic location are plotted for 109 dated 
human remains from the literature and from Nuvuk for which mtDNA has 












PHYLOGENETIC RECONSTRUCTION OF BERINGIAN  
HAPLOGROUPS A2B AND D4B1A2A1A USING  







Modern populations that reside in what was once Beringia have high frequencies 
of a group of mitochondrial DNA haplogroups that are rare to absent elsewhere.  In 
addition to the limited geographic range, these “Beringian-specific” haplogroups of A2a, 
A2b, D2a, and D4b1a2a1a all expanded in the Holocene, much more recently than the 
other Native American mitochondrial clades (Tackney et al., 2016).  Haplogroup D2a has 
been linked to the first migrations into the North American Arctic by the Paleo-Eskimo, 
and the remaining haplogroups seem to be associated with the modern ancestors of the 
later Neo-Eskimo expansion and/or Native American Na-Dene speakers (Achilli et al., 
2013; Raghavan et al., 2014; Chapter 2).  There are details missing, however, of these 
two major population movements over the past six thousand years.  In particular, exactly 
which clade arose with which archaeological tradition is unclear beyond the apparently 
fixed signature of D2a in the early Paleo-Eskimo (Raghavan et al., 2014).  Ancient DNA 
analysis of dated samples in the region can help to clarify the first appearance of these 
maternal lineages and their sequences can inform calculations of the molecular clock in 
these clades. 
Haplogroup A2b and a haplotype of haplogroup D4b1a2a1a (D4b1a2a1a1) are 
unique in having coalescence and expansion dates that closely align with the 
archaeological record of the Thule migration (Dryomov et al., 2015; Chapter 2).  
Haplogroup A2b has only been observed in the Inuit, Iñupiat, and Eskimo peoples of 
North America and Chukotka (and in a single Koryak individual).  Haplogroup 
D4b1a2a1a is typed at moderate frequency in the same communities, but it also has an 




region, central Asia, and Eastern Europe (see Chapter 2).  Unfortunately, only the 
Hypervariable Region I (HVR-I) region of the mitochondrial genome is typically 
sequenced in population-wide surveys and, in this case, such limited information might 
indicate a false correspondence of mtDNA lineage.  The only whole mitochondrial 
genome from a non-Beringian population for D4b1a2a1a is from a Tubalar.  This single 
genome lacks the polymorphisms at np 11383 and 14122 (Volodko et al., 2008), while all 
the haplotypes from Beringian populations sequenced to date contain these variants 
(Dryomov et al., 2015).  The haplotype with 11383 and 14122 is named D4b1a2a1a1 
(Derenko et al., 2010).  It is possible that D4b1a2a1a1, and not D4b1a2a1a, was carried 
with the Arctic migrations that followed the Paleo-Eskimo. 
Modern Inuit, Iñupiat, and Eskimo people are likely descendants of a second, 
separate, and much more recent Arctic tradition known as the Neo-Eskimo.  Beginning 
about 1,500 yr BP, two Neo-Eskimo cultures - Punuk, with origins around St. Lawrence 
island, and Birnirk, focused on the coasts of the Chukchi Sea - were contemporaries with 
descendants of the older Paleo-Eskimo, namely the Ipiutak around the Bering Strait 
(Jensen, 2014; Mason, 2009).  Sometime prior to 1000 AD a third tradition, the Thule, 
appeared on the western North American Arctic archaeological landscape, though their 
origin location is unclear.  In the 13th century (Friesen and Arnold, 2008) they expanded 
eastwards out of what was once Beringia to eventually regionalize and diversify into the 
modern North American Arctic peoples (Jensen, 2014; Mason and Bowers, 2009).  The 
earliest appearance of both A2b and D4b1a2a1a is at the North Slope Thule site of Nuvuk 
in the 12th and 13th centuries, respectively (Chapter 2).  Both haplogroups (specifically 




haplogroup was found in a handful of early Birnirk samples from northeastern Chukotka, 
dated to between 570 - 680 AD, nor in a southwestern Alaskan Thule site at Nunalleq, 
dated to between 1300 and 1660 AD (Raghavan et al., 2014).  Selected for study here are 
human remains from two locations:  the early Thule cemetery of Nuvuk, and a late 
prehistoric Eskimo village at Igliqtiqsiugvigruaq. 
Nuvuk was a long-term Thule village at Pt. Barrow, AK, and it is uniquely 
situated in time and space to investigate Thule origins.  Nuvuk was once the 
northernmost indigenous community of Alaska, and the archaeological material at Nuvuk 
covers a nearly one thousand year uninterrupted occupation from early Thule to 
postcontact Iñupiat Eskimo.  The few grave goods present amongst the burials show clear 
links to other Western and Eastern Thule locations, making Nuvuk by far the largest 
Thule cemetery ever excavated in North America (Jensen, 2009a; Jensen, 2009b).  A 
recent reassessment of the temporal occupation at Nuvuk sampled from the human 
remains and the calibrated and marine reservoir corrected dates span 996 AD to 1631 AD 
(Coltrain et al., Under Review).  Two of these samples (Labeled here as “Nuvuk 1” and 
“Nuvuk 2”; not to be confused with “Nuvuk 01” from Jensen, 2007), dating to the 13th 
century, were typed for HVR-I coding region variation and belong to haplogroup 
D4b1a2a1a.  These two individuals provide a unique opportunity to explore this 
haplogroup at a time nearer to its calculated appearance.  Another of these samples 
(“Nuvuk 3”), dating to the 16th century, was typed with PCR methods but gave 
conflicting genotypes.  While potentially a member of the root A2 haplogroup, it was 





The Igliqtiqsiugvigruaq site is located just inside the Kobuk Valley National Park 
on a bluff adjacent to the Kobuk River.  It was excavated by an archaeological team led 
by Dr. Doug Anderson of Brown University.  It is near the modern Iñupiat community of 
Kiana, AK.  The site represents a large precontact village dating to the turn of the 19th 
century with multiple semisubterranean dwellings of dimensions wider and longer than 
typical for Northwest Alaska at that time.   While dating before the known arrival of 
Europeans, western trade goods have been found in some of the houses, particularly 
metal and glass beads.  The origin of these western artifacts is unclear.  Two houses have 
been excavated, and in one the remains of three individuals were discovered: a subadult 
(referenced here as “Kobuk 1”), and two adults (“Kobuk 2” and “Kobuk 3”).  Isotopic 
analysis of the human remains suggests subsistence on freshwater fish (but not marine 
resources) and terrestrial diet (but not caribou).  Local oral histories suggest that the 
village was abandoned sometime in the 1800s after a collapse in the fish stocks and 
currently the site is being eroded away by the Kobuk River.  HVR-I coding variation of 
these three individuals indicated that they belong to haplogroup A2b. 
The human remains at these two precontact Arctic sites in North Alaska can 
directly inform an investigation of the A2b and D4b1a2a1a distributions and phylogeny 
in an early Thule and late Iñupiat setting.  They can also clarify ancestry with modern 
populations in the region, namely Barrow for Nuvuk and Kiana for Igliqtiqsiugvigruaq.  
We attempted hybridization capture of the mitochondrial genome from each of the six 
individuals.  Ancient DNA was extracted from small amounts of bone fragments and 
initial haplogroup identity was confirmed via PCR amplification and Sanger sequencing 




libraries and sequenced with the Ion Proton system.  Variants were typed from the 
resulting reads and consensus sequences were compared to known modern and ancient 
mitochondrial variation.  We used the dated sequences to calculate the time to the most 
recent common ancestor for each of the haplogroups in order to determine what these 
new dates and phylogenetic trees can reveal about the Thule migration. 
 
Materials and Methods 
Description of Samples 
The archaeological context for the three Nuvuk individuals has been given in 
Chapter 2.  The library for Nuvuk 1 comes from sample ID 07-JJ22-YUCXV, which has 
been directly dated with AMS Cal 2σ Range AD of 1060-1432, with an intercept of 1269 
AD.  The library for Nuvuk 2 comes from sample ID 07-C24-42/43, which has been 
directly dated to 1046-1393, with an intercept of 1227 AD (Coltrain et al., Under 
Review).  Both Nuvuk 1 and Nuvuk 2 have HVR-I sequences indicating membership in 
haplogroup D4b1a2a1a.  The library for Nuvuk 3 comes from sample ID 08-C32-108-
VUNFJ.  This sample was directly dated to 1400-1708, with an intercept of 1557 AD.  
HVR-I sequences from this sample were inconsistent, though some polymorphisms 
suggested that the haplogroup was A2root.  This sample was chosen for next-generation 
sequencing to clarify the Sanger results. 
The house at Igliqtiqsiugvigruaq with the three human remains dates to the 1790s-
1800, just prior to formal contact.  The dwelling has limited faunal remains, but it does 
have a wood-burning hearth, pieces from an oil lamp, and historic metal artifacts 
associated with the burials.  The house contains almost no other debris.  The subadult 




house, while the skeletal remains from the third adult (Kobuk 3) had a distinct and deeper 
distribution at another location inside the dwelling.   
It is unclear if the three individuals are contemporaneous with the house.  The 
isotope analysis of the bones suggests a more inland subsistence pattern, inconsistent 
with the location, and a lack of microcarbon in the dental calculus does not fit with the 
presence of a wood burning hearth.  The individuals could represent temporary 
inhabitants who arrived following the collapse of Igliqtiqsiugvigruaq.  The metal objects 
associated with the remains could have been carried into the dwelling by these 
inhabitants, and not associated with the earlier village.  Clarification might come from 
directly dating the hearth and the bones, and comparing these to the age of the 
dwelling(s), however, if the dates are too recent or close together no conclusions could be 
made. 
 
Sample Analysis Agreements 
For the Nuvuk samples letters of support were requested and received by the 
Ukpeaġvik Iñupiat Corporation, the Native Village of Barrow, and the Barrow Senior 
Advisory Council during the initiation of the project described in Chapter 2.  For the 
Igliqtiqsiugvigruaq samples, permissions were granted from both the local community of 
Kiana, AK, and the National Park Service.  All involved parties understood that small 
samples of human remains were to be analyzed in a destructive manner to determine 







DNA Extraction and Mitochondrial HVR1 Sanger Sequencing 
DNA was extracted from human bone remains using the protocol described in 
Chapter 2.  HVR-I sequencing also was performed as per Chapter 2.  The preliminary 
HVR-I amplifications were limited to primer sets HVR1_P1F and HVR1_P1Rc (159 bp 
product), HVR1_P2Fb and HVR1_P2R (134 bp product), and HVR1_P3F and 
HVR1_P3R (157 bp product).  The reactions were repeated on a duplicate set of 
extractions before proceeding to next-generation sequencing. 
 
Ion Torrent Library Preparation 
One extraction for each sample was chosen for next-generation sequencing library 
preparation, along with its associated extraction blank.  No DNA fragmentation or size 
selection was performed prior to library preparation, and a library blank (water input) was 
included with each library set.  Barcoded Ion A Adapters were designed using laboratory-
specific 8-base barcodes based on a unique set of guaranteed error correcting codes that 
are redundant up to 2-bit errors (at most, 1 nucleotide error in base space or 2 errors in 
flow space) (Krishnan et al., 2011).  Directionality for Barcode 2 and Adapter P1 was 
provided with “TT tails,” while directionality for the remaining Barcodes were provided 
by shortened complementary strands (Table 3.1).  All samples were processed with a 
unique barcode (Table 3.2), while extraction blanks were processed with the same 
barcode as their associated sample, and library blanks were processed with a combination 
of all the barcodes used in that library set. 
During adapter ligation final adapter concentrations in the reaction were reduced 
to .04 µM.  Library workflows changed between samples; details are outlined in Table 




Technologies), while all secondary amplifications were performed in Q5 Hot Start 
mastermix (NEB).  Amplification primers used were Ion_Aamp and Ion_P1amp at 0.4 
µM final concentrations (Table 3.1).  Cycles for the primary and secondary 
amplifications were determined from post-ligation and post-primary amplification 
quantitative PCR runs, respectively, using the GeneRead Library Quantification Kit 
(Qiagen).   
For Sample Nuvuk 2, one library was processed up to the 1° amplification.  
Nuvuk 2B was then amplified, captured, and sequenced using a slightly different 
workflow than Nuvuk 2A (Table 3.2). 
 
Hybridization Capture and Sequencing of Mitochondrial DNA 
Hybridization capture of mitochondrial DNA molecules was completed as 
described in Tackney et al. (2015), with the following modifications:  Hybridization 
times varied and are listed in Table 3.2.  Blocking oligos used are listed in Table 3.1.  
Each library was captured separately using a different ratio of library ng: bait ng (though 
bait amounts were all between 200 - 250 ng; Table 3.2).  Library blanks (both extraction 
and library) were also captured separately, but were only amplified the number of cycles 
as the lowest concentration associated sample, without regard for their final nanograms 
after 2° amplification.  Library blanks were not sequenced if their molecule count 
following capture and postcapture amplification was more than an order of magnitude 
less than the associated sample. 
Captured library concentrations in pM were calculated via qPCR using the 
GeneRead Library Quantification Kit (Qiagen).  Libraries were templated individually on 




Libraries from Nuvuk 1, Nuvuk 2A, and Kobuk 2 were diluted to 100 pM prior to 
templating.  Libraries from Kobuk 1 and Kobuk 2 were diluted to 110 pM (a 10% 
effective increase), and then the templating reactions were joined for one enrichment 
step.  Libraries from the remaining samples were input at 400% the suggested 
concentration; previous runs at the core had indicated that chip loading might be 
improved with more templated molecules.  Following templating an aliquot of the post 
emulsion PCR reaction was evaluated separately with the Ion Sphere Quality Control kit 
to determine the percentage preenrichment of the templating reaction.  The manufacturer 
suggests a preenrichment percentage between 10% and 30% and all reactions fell within 
10-23%.  An enrichment step was performed on an Ion Torrent ES to enrich for positive 
Ion Sphere Particles (ISPs).   
All libraries were sequenced on an Ion Torrent Proton using the Ion PI chip.  
Templating and Sequencing chemistry was enhanced during the course of the experiment, 
and so slightly differs between samples.  Additionally, certain libraries were sequenced 
together on one chip, while other libraries were sequenced on individual chips.  The 
libraries sequenced together and the chemistry used for each sample is shown in Table 
3.2.   
 
Read Mapping and Variant Calling 
For all samples, reads were initially base called within the Ion Torrent Suite, 
incorporating “Base Recalibration” with the included reference of rCRS (NC_012920).  
Properly barcoded reads were isolated and trimmed for base quality and 3’ P1 adapter 
sequence (ATCACCGACTGCCCATAGAGAGGCTGAGAC) using cutadapt 1.8 




time with different versions of the Torrent Suite software package (we were unable to go 
back and reanalyze earlier runs with updated software), slight technical differences to the 
analysis pipeline up to this point are outlined in Table 3.3. 
 Trimmed reads were mapped against the rCRS with TMAP version 5.0.0 (-g 3 -
n 12 -a 1 -o 2 -v -Y stage1 map2 --min-seq-length 30 --max-seq-length 120 map3 --min-
seq-length 30 --max-seq-length 120 map4 --min-seq-length 30 --max-seq-length 120) 
without 3’ soft-clipping and limiting mapped reads to sizes of 30 - 120 bases.  Mapped 
BAMs were sorted and then processed to remove reads with mapping quality (MAPQ) 
<90 using Samtools 1.2 (Li et al., 2009).  Duplicate reads were marked and removed with 
Picard Tools v1.91 (http://sourceforge.net/projects/picard/).  Variants were called using 
Samtools mpileup and bcftools, filtering for indels closer than 10 bases, low quality 
variants (≤ 15), depth less than 3, heterozygote calls with the variant allele at less than 
50%, and strand bias with a Phred-scaled P-value ≥40.  VCF files were further manually 
edited to remove or make homozygote any remaining heterozygote calls after visual 
inspection of the supporting reads in IGV (Thorvaldsdóttir et al., 2012).  Consensus 
sequences were created with the VCF file and the rCRS reference using bcftools 
consensus. 
 For Nuvuk Sample 2, reads from both Proton PI chips (Sample 2A and 2B) 
were filtered and mapped as above, but then the mapped BAMs were merged prior to 
variant calling.  Reported coverage and damage patterns are based off of this merged 
BAM. 
 For all samples, genomic coverage depth was calculated at a 1 base window 




with FastQC v. 0.11.2 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).  
Nucleotide misincorporation patterns were assessed using MapDamage v2.0.2-12 
(Jónsson et al., 2013).  Haplotypes were identified using Haplogrep2 (Kloss‐Brandstätter 
et al., 2011).   
 
Phylogenetic Analysis and Coalescence Time Estimates 
Currently available whole mitochondrial genome sequences for haplogroups A2b 
and D4b1a2a were drawn from Dryomov et al. (2015) recently published survey of Arctic 
mitochondrial diversity.  Duplicate haplotypes were discarded unless samples were taken 
from distinct cultural populations.  One ancient Canadian Sadlermiut Thule sample (XIV-
C-748) and one Greenlandic Cape Irmenger Thule sample (KAL1245) were included in 
our analysis.  These are the only two whole mitochondrial sequences, falling within these 
two haplogroups, sequenced by Raghavan et al. (2014) at 100% coverage.  Consensus 
sequences were created from provided FASTQ files (Dryomov et al., 2015).  Including 
these genomes, our dataset consisted of 17 D4b1a2a (which includes D4b1a2a1a and 
D4b1a2a1b) genomes and 28 A2b genomes. 
Maximum Parsimony trees were created using mtPhyl 4.015 
(https://sites.google.com/site/mtphyl/home) and then manually edited for clarity.  The 
naming schemes of Dryomov et al. (2015) and Derenko et al. (2010) were followed.  
Nucleotide positions representing C inserts between 303-315 (leaving any SNPs at 310), 
AC indels at 515-523, SNPs at 16182C and 16183C, C inserts between 16184-16193 
(leaving any SNPs), and SNPs at 16519 were removed from the trees.  MAFFT (Katoh 
and Standley, 2013) was used to align all the sequences from each dataset with the highly 




removed from the alignment.  These sites are known mutational hotspots and/or positions 
with recurrent sequencing errors (van Oven and Kayser, 2009).   
PartitionFinder (Lanfear et al., 2012) was used to suggest a partitioning scheme 
and an appropriate nucleotide substitution model.  This indicated that there was no 
justification for separating out the control region from the coding region in either of the 
two alignments.  The HKY model was the best-fit substitution model according to the 
Bayesian information criterion.  Bayesian estimated coalescence times for the A2b and 
D4b1a2a were calculated using BEAST v2.2.1 (Bouckaert et al., 2014).  Tip dates for the 
ancient A2b samples were set at 200 yr BP (KAL1245) and 150 yr BP (Kobuk 1, 2, and 
3).  Tip dates for the ancient D4b1a2a samples were set at 368 yr BP (XIV-C-748), 681 
yr BP (Nuvuk 1), and 723 yr BP (Nuvuk 2). 
For both datasets, two Markov chain Monte Carlo runs of 30,000,000 generations 
each, with samples taken every 5,000 generations, were performed.  The runs were 
combined using LogCombiner v2.2.1, with 10% discarded as burn-in.  The HKY site 
model, as per the PartitionFinder results, was selected as well as a Coalescent Bayesian 
Skyline tree prior (5 populations), and a lognormal clockRate prior (M= 2.67E-8, S = 1.4) 
with a starting rate taken from Fu et al. (2013b).  TreeAnnotator v2.2.1 was used to 
produce the Maximum clade credibility tree with a posterior probability limit of 60%, and 
to calculate target clade divergence times and 95% highest posterior density (HPD) 
intervals.  Mitochondrial genomes within the A2b1 and D4b1a2a1a1 clades were 








Enriched Read Summary 
Mitochondrial genomes were successfully captured for all samples except Nuvuk 
3.  Coverage of the 16,569 bp genome was >99% for five samples while the Nuvuk 3 
mitochondrial genome was only covered at 7.7%.  The number of high quality and unique 
sequenced reads for each library, as well as other sequencing metrics, are given in Table 
3.4.   
The library from Nuvuk 1 was not amplified following hybridization capture 
(Table 3.2) and it is noteworthy that the total number of mapped reads from this library is 
2 to 3 orders of magnitude less than that from postcapture amplified libraries.  The final 
read count (Unique, MAPQ≥90), was within an order of magnitude of the other samples; 
this implies that while amplification following capture does increase the final tally of 
captured fragments, the vast majority of reads from those fragments are PCR duplicates. 
Sequencing coverage was fairly uniform in the 5 successfully captured samples, 
though Nuvuk 2, Kobuk 1, and Kobuk 3 all displayed sporadic regions of ultra-low or 
missing coverage (Figure 3.1).  For the 5 samples, 0 to 47 bases (out of 16,569) will need 
to be Sanger sequenced to fill in the Proton read results (Table 3.4).  None of these 
libraries appear to be sequenced to exhaustion and additional Proton sequencing runs 
could possibly increase the coverage (excluding Kobuk 2 that was 100% covered) and 
depth in each case.  These additional runs might have diminishing returns, however: 
Nuvuk 2 was sequenced twice, from two library preparations (but only one extract), and 
still 100% coverage was not reached. 




Kobuk samples (“Kobuk EB”) both had high molecule counts following capture and 
amplification; these did not meet our criteria for an order of magnitude difference with 
true sample.  When this happens either the cause is a true contaminating human 
mitochondrial DNA molecule, or environmental bacterial genome fragments were 
captured at a high level by the probes from the library.  Many environmental bacterial 
strains have close homology to the human mitochondrial genome, so these “off-target” 
captures are expected with every hybridization. 
Nuvuk 2B EB and Kobuk EB were sequenced together on one Proton P1 chip 
(“Shared C”).  The reads from Nuvuk 2B EB had similar coverage of the mitochondrial 
genome as the failed Nuvuk 3, but with an average depth of only 1.4X.  Both samples did 
not have enough high quality, unique reads to make any confident statement of if human 
DNA is present in the original bone sample (for Nuvuk 3) or what actual genome was 
captured (for Nuvuk 2B EB) (Table 3.4).  Both samples also showed a typical pattern of 
“coverage islands” where certain regions of the captured sequence are covered to a large 
extent, with other regions not covered at all.  In our experience, these islands are usually 
indicative of a failed or nonspecific capture. 
The reads from the captured Kobuk EB sample blank covered 32% of the 
genome; this is far below that expected from a successful capture, but above that 
expected from a failed capture (see Table 3.4).  Even with the large number of high 
quality, unique reads, this library still displayed coverage islands (Figure 3.1), and so it is 
unclear if these fragments actually represent a contaminating genome in the library or 
DNA extraction preparations.  None of the captured fragments from Kobuk EB 




PCR-based analyses on this extraction blank. 
 
Consensus Sequence Haplotype Identification 
The variants typed in Nuvuk 1 and Nuvuk 2 placed these two individuals within 
haplogroup D4b1a2a1a, or more specifically haplotype D4b1a2a1a1 if the naming 
scheme of Derenko et al. (2010) is followed (D4b1a2a1a + 11383, 14122C) (Figure 3.2).  
Nuvuk 1 had a private variant G14198A, while Nuvuk 2 had three private variants 
C3487T, G11914A, and C13654T.  Nuvuk 2 shares G11914A with a recently sequenced 
modern Chukchi individual (Dryomov et al., 2015).  All three samples from 
Igliqtiqsiugvigruaq had variants which placed them within haplogroup A2b, or more 
specifically A2b1 if the naming scheme of Dryomov et al. (2015) is followed (Figure 
3.3).  Kobuk 1 had private variants C535T, C541T, C12669T.   Kobuk 2 had a private 
variant A14148G.   Kobuk 3 had a private variant C16313T.  None of these samples 
shared derived mutations with known modern haplotypes.   
We did not attempt to variant call or create consensus sequences for Nuvuk 3 or 
Nuvuk 2B EB.  From the 864 unique reads from Kobuk EB, however, some variants 
within the covered regions could be typed using our pipeline.  There were heterozygote 
and homozygote SNPs at nps 2002, 2548, 4632, 4769, 4820, 7747, 7779, 12073, and 
13595 (though see concerns above about the authenticity of these reads).  Only the 
A4769G SNP was shared with the 5 successfully captured samples, and that is only 
because the derived state in rCRS is A, but G worldwide.  No other SNPs in this sample 
are associated with A2b or D4b1a2a and we did not attempt a further determination of the 





A2b and D4b1a2a Coalescence Time Estimates 
The coalescence date for the D4b1a2a1a1 node from the D4b1a2a alignment had 
a mean value of 14,770 yr BP, a median value of 9,113 yr BP, and a 95% HPD of 952 - 
46,481 yr BP (Figure 3.2).  The coalescence date for the A2b root from the Maximum 
clade credibility tree of the A2b alignment following the BEAST analysis had a mean 
value of 4,659 yr BP, a median value of 2,707 yr BP, and a 95% HPD of 269 - 15,431 yr 
BP.  The A2b1 node had a mean value of 4,408 yr BP, a median value of 2,572 yr BP, 
and a 95% HPD of 284 - 14,685 yr BP (Figure 3.3).   
 
Authentication of Ancient DNA Work 
Pre-PCR work was carried out in a dedicated cleanroom, as described in Chapters 
1 and 2.  Adapter barcodes used for each sample have not previously been sequenced in 
our laboratory (nor have they been used at the sequencing core facility), so there is no 
chance of cross-contamination from a previous sequencing library with these barcodes.  
All mtDNA haplotypes are known for all laboratory personnel and none match those 
reported here.  While we routinely sequence haplogroups A2b and D4b1a2a1a in our 
laboratory given our geographic area of focus, these are the first whole genomes we have 
sequenced on the Ion Proton with these haplotypes. 
All extraction and PCR blanks for the HVR-I Sanger Sequencing genotyping 
were clean.  All extraction and library blanks for the next-generation sequencing 
contained an order of magnitude less molecules following mitochondrial capture and 
postcapture amplification, except for the extraction blanks associated with Nuvuk 2B 
(“Nuvuk 2B EB”) and the Kobuk samples (“Kobuk EB”).  When these two blanks were 




For Kobuk EB, where 864 reads were retained after our mapping pipeline (covering 32% 
of the genome), the SNPs in those mitochondrial mapped reads were distinct from the 
SNPs in the associated sample libraries. 
We evaluated the misincorporation patterns of the reads mapping in the five 
captured samples and in Kobuk EB.  On the 5’ end of reads we expected an increase of 
C-to-T substitutions and on the 3’ end of reads we expected an increase in G-to-A 
substitutions, all from the deamination of cytosine to uracil in single-stranded DNA 
overhangs (Briggs et al., 2007).  Our bioinformatics pipeline already limited mapped 
reads to sizes of 30 - 120 bp, fragment lengths appropriate for authentic ancient DNA 
molecules. 
All the captured samples showed an increase in C-to-T substitutions on the 5’ 
ends of reads, with the Kobuk 2 and 3 libraries displaying the clearest signal (Figure 3.4).  
All samples also had an increase of G-to-A substitutions at the 3’ end of reads, however, 
the libraries from Nuvuk 2 and Kobuk 1 had unusual spikes and the library from Nuvuk 1 
almost had no signal.  The lack of smooth increases of both type of substitutions and the 
continued presence of other types of substitutions (the grey lines) in all libraries indicates 
that the low base quality issue seen in Tackney et al. (2015) has not been fully rectified 
even with the updated bioinformatics pipeline and oligo sequences.  There is a continued 
read end quality issue stemming from the use of the Proton sequencer, which is 
unfortunately masking DNA damage patterns.  The expected level of damage in these 
samples, however, is tempered by the still unclear understanding of damage accumulation 
over time and in specific environments.  While all of the captured samples were  <1,000 




experienced Arctic seasonal fluctuations in temperature and humidity.  From the 864 
reads mapped in Kobuk EB, the damage patterns were not at all expected for aDNA.  
Substitutions varied across read positions and neither read end showed signs of consistent 
cytosine deamination (Figure 3.4).  These results further suggest the reads in Kobuk EB 
are modern contamination (likely human, but possibly bacterial). 
 
Discussion 
Past and present human genetic variation from Alaska is underrepresented in the 
literature.  Previous surveys across the Siberian and North American Arctic have sampled 
robustly from modern populations of Siberia and Chukotka (Derenko et al., 2010; Tamm 
et al., 2007; Volodko et al., 2008; Chapter 2), as well as the Inuit of Canada and 
Greenland (Gilbert et al., 2008; Helgason et al., 2006; Saillard et al., 2000; Chapter 2).  
The native people of Alaska were, until recently, poorly characterized genetically outside 
of the Aleutian Islands, the Alaskan Peninsula (Rubicz et al., 2003; Zlojutro et al., 2009), 
and the southeastern Na-Dene (Schurr et al., 2012) .  In 2014, a large number of Paleo-
Eskimo and Neo-Eskimo human remains were genotyped, although the only Alaskan 
archaeological site with successful results was the precontact Thule site of Nunalleq near 
the modern Yup’ik Eskimo village of Quinhagak (Raghavan et al., 2014).  In 2015 the 
first population wide sampling of the Iñupiat in the North Slope of Alaska was published, 
filling in a critical hole in modern Arctic sampling (Raff et al., 2015).  In both of these 
investigations, however, the vast majority of individuals did not have their whole 
mitochondrial genomes sequenced.  When investigating the Neo-Eskimo, in actuality 
only 4 ancient mitochondrial genomes have been produced with sufficient coverage, all 




Sadlermiut from Southampton Island, and 2 Siberian Birnirk  from the settlement of 
Paipelghak in northeast Siberia (Raghavan et al., 2014).  The Thule samples are further 
east and later in time than the archaeological evidence for the onset of the Thule, while 
the Birnirk samples have so far proven to be monomorphic for haplogroup A2a (Chapter 
2). 
Here, we have successfully extracted, captured, and whole mitochondrial genome 
sequenced 5 individuals from two ancient northern Alaskan Thule sites at Nuvuk and 
Igliqtiqsiugvigruaq (Table 3.4).  Two individuals from Nuvuk (Nuvuk 1 and 2) had 
sequences firmly within haplogroup D4b1a2a1a1 (Figure 3.2).  They were sequenced 
with 99.85% and 99.72% coverage, at 15X and 73X depth, respectively (Figure 3.1, 
Table 3.4).  Their genomes had private variants at G14198A (Nuvuk 1), and at C3487T, 
G11914A, and C13654T (Nuvuk 2).  Nuvuk 2 shared G11914A with a recently 
sequenced modern Chukchi individual (Dryomov et al., 2015).  The three individuals 
from Igliqtiqsiugvigruaq (Kobuk 1, 2, and 3) were firmly within haplogroup A2b1 
(Figure 3.3).  They were sequenced with 99.9%, 100%, and 99.9% coverage, at 94X, 
129X, and 80X depth, respectively (Figure 3.1, Table 3.4).  Kobuk 1 had private variants 
at C535T, C541T, C12669T, Kobuk 2 had a private variant at A14148G, and Kobuk 3 
had a private variant C16313T.  All three A2b genomes are novel in the published 
literature. 
The human remains from these two sites contribute not only to a greater 
understanding of Alaskan genetic diversity, but also to the Neo-Eskimo as a distinct 
Arctic migration event(s) by illuminating past variation in mitochondrial haplogroups.  




Eskimo and their descendants, particularly the Iñupiat of northern Alaska, carried high 
frequencies of haplogroup A2b (Raff et al., 2015; Chapter 2).  That the A2b genomes 
sequenced are unique (Figure 3.3) further supports the Bering Strait geographic region 
(remnant central Beringia) as the epicenter of A2b diversity.  Of archaeological 
significance, the two adults and one subadult sampled from Igliqtiqsiugvigruaq all seem 
to carry different maternal lineages.  They might be related paternally, but that analysis 
will need to wait for further genotyping of the Y chromosome (for males) or nuclear 
markers.  
The oldest A2b HVR-I sequences come from the burials at Nuvuk, however, the 
age of the cemetery and the presence of early derived variants of A2b at Nuvuk suggests 
that the origin of the A2b haplogroup is elsewhere (Chapter 2).  The Nuvuk and 
Igliqtiqsiugvigruaq results indicate almost certainly that it was not further south.  The 
southwestern Alaskan Thule site at Nunalleq was monomorphic for A2a (Raghavan et al., 
2014), and it is unclear if this is representative of modern Yu’pik communities nearby.  
To the southwest and the southeast of Alaska the genetic landscape is that of the Aleuts 
and the Na-Dene, respectively; both lack haplogroup A2b (Chapter 2).  Other Neo-
Eskimo human remains dating to before the 13th century Thule expansions (Friesen and 
Arnold, 2008) are lacking.  Needed, for example, are sampled burials associated with the 
Neo-Eskimo Punuk, a putative alternative ancestor of the Thule (Mason and Bowers, 
2009). 
The two D4b1a2a1a1 whole genomes sequenced from Nuvuk, with median 
intercept dates of 1227 AD and 1269 AD, are the oldest known D4b1a2a1a mitochondrial 




(Coltrain et al., Under Review; Chapter 2).  A single HVR-I sequence from a Scytho-
Siberian kurgan burial in the Altai Republic, dated by dendrochronology to the middle of 
the 5th century B.C (Ricaut et al., 2004), had variants indicating a possible haplotype of 
D4b1a2a1b, the sister clade of D4b1a2a1a (Figure 3.2).  All three samples, however, 
post-date any calculated coalescence date for the greater D4b1a2a1 haplogroup.  While 
D4b1a2 is hypothesized to have arisen within or immediately following the Last Glacial 
Maximum in the Altai-Sayan region, D4b1a2a1 only appears to have expanded into 
northern Siberia in the Holocene (Derenko et al., 2010).  What the Nuvuk 1 and Nuvuk 2 
genomes confirm is that the still further derived D4b1a2a1a1 (with variants at 16093, 
11838, and 14122; Figure 3.2) was the clade that spread into the Americas with the 
Thule.  A genetic bottleneck alone might explain why the Paleo-Eskimo expanded 
eastward monomorphic for haplogroup D2a.  Should ancient human remains be 
discovered in Asia carrying ancestral D4b1a2a1 or D4b1a2 genomes, their age and 
location would help to clarify the origins of this clade. 
Previous dates from whole mitochondrial sequences for haplogroups A2b and 
D4b1a2a1a were calculated by Dryomov et al. (2015) from both ρ statistics, using an 
ancient DNA calibrated mutation rate (Fu et al., 2013b), and a BEAST (Drummond et al., 
2012) analysis.  Dates from ρ statistics have been shown to vary under a range of 
demographic models (Cox, 2008), and so the current standard for dating is to use either 
Maximum Likelihood approaches or to run a Bayesian analysis through BEAST.  The 
BEAST analysis of Dryomov et al. (2015) calibrated each of the alignments with an 
intra-species outgroup of a whole mitochondrial genome from a 39.5 kyr BP modern 




While this selection is certainly better than a fossil calibration point like the chimp-
human split (see Molak et al., 2013), it is still a single external tip calibration outside of 
the known haplogroup variation for which dates are being calculated.  These typically 
have a limited influence on rate estimation when compared to internal tip calibrations 
(Rieux et al., 2014). 
We attempted to reanalyze the A2b and D4b1a2a phylogenetic trees using internal 
tip calibrations of our 5 whole genome sequences and the two previously published Thule 
individuals from further east.  Even with the introduction of 4 dated tips in the A2b tree 
and 3 dated tips in the D4b1a2a tree, our estimated root dates had large confidence 
intervals: The coalescence for the D4b1a2a1a1 node had a median of 9,113 yr BP, with a 
95% HPD of 952 - 46,481 yr BP (Figure 3.2), and the coalescence for the A2b root had a 
median of 2,707 yr BP, with a 95% HPD of 269 - 15,431 yr BP (Figure 3.3).  In 
comparison, the median (95% HPD) values of Dryomov et al. (2015) for D4b1a2a1a1 
were 1.92 ky BP (0.05; 3.81), and for A2b1 of 2.57 ky BP (0.93; 4.37).  While all of our 
95% highest posterior densities contained the previous estimates, and our A2b clade 
estimates were similar, our date ranges are realistically too large to be informative. 
The incorporation of multiple dated sequence tips in our BEAST analysis was limited by 
the fact that all of the dated samples were relatively young (from 150 yr BP to 723 yr BP) 
with respect to the mitochondrial mutation rate.  Human mitochondrial sequences of less 
than 1,000 yrs in age are not expected to be that much different from their modern 
descendants.  Unsurprisingly, none of our samples displayed the expected “branch 
shortening” typical of older ancient DNA sequences (Fu et al., 2013b; Molak et al., 2013; 




haplogroups, from ancient DNA, will require sequences of greater time depth at internal 
points in the A2b and D4b1a2a phylogenetic trees.  While 3 to 4 dated sequences can 
negatively affect the performance of rate estimation versus using greater numbers of tip 
dates (Molak et al., 2013), given older sampling tight estimates can be achieved even 
with small numbers of dated sequences (as demonstrated with the two Upward Sun River 
burials; Tackney et al., 2015).  Our analysis was also limited by the small number of 
modern sequences available for these two haplogroups - only 25 A2b genomes and 15 
D4b1a2a genomes have been previously published. 
The DNA from the Nuvuk 3 individual, who has been directly dated to between 
1400-1708 AD (Coltrain et al., Under Review), was previously amplified by PCR 
methods and sequencing results gave conflicting genotypes.  The initial PCR-based 
results suggested membership in haplogroup A2, but the sample lacked the 16265 or 
16192 variants defining A2b or A2a, respectively.  The hybridization capture of the 
Nuvuk 3 mitochondrial genome failed, with only about 8% of the genome covered by the 
Proton sequencing reads (Table 3.4).  This DNA extraction lacked sufficient quantity of 
endogenous human DNA molecules, but further extractions could be attempted from 
different areas of the bone sample.  The identification of an ancient dated A2 root 
haplogroup in the Arctic would be significant; unfortunately no new information was 
provided here. 
The successful capture and sequencing of these ancient genomes has provided 5 
new Neo-Eskimo mitochondrial sequences, where as previously only 4 were available at 
sufficient depth and coverage.  Future work will continue to focus on capturing and 




genomic variation, of older and more diverse human remains around Beringia.  We have 
noted the need for larger sampling of Birnirk individuals, initial sequencing of Punuk 
individuals, and more ancient Siberian and Alaskan Yupik associated human remains.  
Anthropological geneticists also need to expand their search for D4b1a2a1a or 
D4b1a2a1b genotyped modern and ancient individuals in Siberia/Chukotka.  The timing 
and location of any isolation or split from an Asian source for the Beringian haplogroups 
(A2a, A2b, D2a, and D4b1a2a1a) is still undetermined.  The focus here was on the Neo-
Eskimo, but the potential of relic genetic signatures of the Paleo-Eskimo in Chukotka and 
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Table 3.3: Sequencing and bioinformatics pipeline protocol 











Nuvuk 1 4.0.2 2 30 15,30 20 
            
Nuvuk 2A 4.0.2 2 30 15,30 20 
            
Nuvuk 2B 5.0 1 30 20,20 24 
            
Nuvuk 2B EB 5.0 1 30 20,20 24 
            
Nuvuk 3 5.0 1 30 20,20 24 
            
Kobuk 1 5.0 1 30 20,20 24 
            
Kobuk 2 5.0 1 30 20,20 24 
            
Kobuk 3 5.0 1 30 20,20 24 
            









































































































































































































































































































































































































































































































































































































Figure 3.1 Sample library mitochondrial sequence coverage on a 1-base 
sliding window. Sequence coverage for each labeled captured sample across 






Figure 3.2 Maximum Parsimony phylogenetic tree and BEAST coalescence 
dates of the D4b1a2a mtDNA haplogroup.  The phylogeny of the D4b1a2a 
haplogroup and various daughter clades.  All variants are transitions relative 
to the rCRS (NC_012920), except when the base is listed.  Back mutations are 
underlined.  Ancient and dated sample names are underlined; these samples 
provided dated tip sequences for the BEAST analysis.  Node dates are 





Figure 3.3 Maximum Parsimony phylogenetic tree and BEAST coalescence 
dates of the A2b mtDNA haplogroup.  The phylogeny of the A2b haplogroup.  
All variants are transitions relative to the rCRS (NC_012920), except when 
the base is listed.  Back mutations are underlined.  Ancient and dated sample 
names are underlined; these samples provided dated tip sequences for the 







Figure 3.4 Damage patterns.  Position specific substitutions from the 5’ end of 
reads (left) and 3’ end of reads (right) following the bioinformatics mapping 
pipeline, for each labeled sample.  All graphs produced by MapDamage 
v2.0.2-12; C-to-T substitutions are shown in red; G-to-A substitutions are 
shown in blue; insertions are shown in purple; deletions are shown in green; 
all other substitutions are shown in grey. 
